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Abstract
Over the last three decades there has been a growing awareness amongst civil and 
structural engineers of the importance of advanced polymer composites in the civil 
infrastructure. The application of fibre-reinforced polymer (FRP) plates and jackets for 
the strengthening and repair of RC beams and columns has now become commercially 
viable. Further developments of FRP composites have resulted in new constructions 
being conceived and developed, with considerable emphasis on bridges.
The ^ lmjof the current study was to develop, manufacture and determine the structural 
properties of an advanced composite/concrete (duplex) beam. This beam comprised of 
a compressive concrete section and a tensile advanced composite box section. The webs 
consisted of a sandwich construction of +/-450 glass fibre reinforced polymer (GFRP) 
composite and rigid foam to enhance the buckling capacity. The tensile flange of the box 
section consisted of a hybrid uni-directional carbon fibre reinforced polymer (CFRP) 
and +/-450 GFRP composite. The webs were continued into the compressive section to 
provide permanent formwork for the concrete section.
The structural properties of the beam system were determined by flexural tests on 1.5m 
span beams under static, creep and fatigue load regimes and long-term environmental 
exposure tests on 0.75m span beams. The short-term strength of the beam was designed 
and shown to be similar to that of an RC beam of similar dimensions with 2.5% of tensile 
steel reinforcement. The creep and fatigue properties (strength and stiffness) were 
shown to be superior to those of the equivalent RC beam due to the elimination of the 
tensile concrete and steel reinforcement. Exposure to freeze/thaw cycling and a warm, 
humid environment had no significant effect on the strength or stiffness of the duplex 
beam. The experimental tests were supplemented with linear and non-linear FE analyses 
that successfully modelled the short and long-term behaviour of the duplex beam.
It was concluded that the duplex beam was particularly suitable in applications where a 
severe environment is present and provides a superior alternative to RC beams. This is 
of vital importance considering the large stock of deteriorated RC structures present 
world-wide. Therefore, the duplex beam forms an economic and durable structural 
solution for the global civil infrastructure.
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Notation
The notation used for the theoretical analysis of the advanced composite/concrete beam 
undertaken in this thesis is shown below.
Dl : longitudinal flexural rigidity 
Dt : transverse flexural rigidity 
E: modulus of elasticity 
Ec: modulus of elasticity of concrete
E c f i p : longitudinal modulus of elasticity of UD CFRP composite
E f a c e : longitudinal modulus of elasticity of +/-450 GFRP composite web faces
E f o a m *  modulus of elasticity of foam core material
Egfjpi longitudinal modulus of elasticity of +/-450 GFRP composite flanges
A: area, area of particular section if subscript used
y: lever arm, lever arm of particular section if subscript used
y: initial depth of neutral axis
y : depth of neutral axis at failure
y’: lever arm of tensile section
F: compressive force, compressive force of particular section if subscript used
F’: tensile force, tensile force of particular section if subscript used
F’ concrete' compressive force at failure of concrete section
Fs: shear force, shear force of particular section if subscript used
paverage. averag e  force, average force on particular section if subscript used
pa,b,c,d,e. p orce  on individual section specified by superscript and subscript
I: second moment of inertia, second moment of inertia of particular section if subscript
used
El: flexural rigidity, flexural rigidity of particular section if subscript used 
D: flexural rigidity of beam
dc: depth of concrete section, superscript ° denotes depth of maximum stress in stress 
block
d f o a m *  depth of foam core section 
wc: width of concrete section 
w f o a m : width of foam core section
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tplate: thickness of GFRP composite plate 
tjw: thickness of inner web face 
tow: thickness of outer web face 
tcfrp: thickness of UD CFRP section 
£*COncrete: compressive failure strain of concrete
8cfrp: tensile strain of UD CFRP composite, superscript asterisk denotes strain at failure 
egfrp: tensile strain of +/-450 GFRP composite, superscript denotes part of stress-strain 
curve
fcu: compressive cube strength of concrete
^average. averag e  stress, subscript denotes particular section
Gc: compressive strain in lowest concrete fibre at failure
Mnoniinear moment at which beam load-deflection response becomes non-linear
Mu: ultimate moment of resistance of beam
x : shear strength of section denoted by subscript
^average. averag e  shear stress of particular section denoted by subscript
Gface: modulus of elasticity in shear for +/-45° GFRP composite web faces
Q: shear rigidity of beam
k: torsional stability variable
nbolt: number of bolts
rboit: radius of bolt
Ibond* length of bond area
\)L: longitudinal Poisson’s ratio
\)T: transverse Poisson’s ratio
Vu: ultimate shear force
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1. Introduction
1.1. Composite Materials
Composite materials are those in which a combination of two or more materials are used 
to create an individually superior material; these types of materials have been used for
natural fibre) and concrete (a man-made composite material). In the case of concrete, the 
two materials that form the high strength composite material are the aggregate and the 
cement paste. Man-made fibrous composites have only been in use in construction for a 
relatively short period of time, especially advanced composite materials such as glass 
and carbon fibre reinforced polymer composites.
1.1.1. Advanced Composite Materials
An advanced composite consists of two basic phases or components. These are the 
matrix, usually a low strength and stiffness material and the fibre reinforcement, which 
is usually a high strength and stiffness material. When the two are combined to form a 
composite material the matrix, typically an epoxy or vinylester resin, acts as a medium 
for the protection, location and stress transfer of and between the reinforcing fibres. The 
fibres, which are used in the construction industry are aramid, glass or carbon and sU d7 
provide the majority of the strength and stiffness of the composite material. Individually, 
neither the matrix or the fibre could be successfully used as a primarily load bearing 
structure, but together they exhibit high specific strength and stiffness which is of 
practical use in construction. These composite materials are often abbreviated to FRP 
(fibre reinforced polymers). The individual properties of the materials used in advanced 
composites have been investigated in detail by many researchers and are briefly 
described here to provide a background for the typical properties of composite materials.
A more detailed description of the properties of the various polymeric matrices and 
reinforcing fibres can be found in Mark et al (1993), Hollaway (1993) and Jang (1994).
The fibres in a FRP (glass, aramid or carbon) exhibit a linear stress-strain curve to failure 
under tensile load. The diameter of these fibres is of the order of 10 microns. The tensile
centuries. Examples of well-known composite materials are timber (formed from a
Introduction 1
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strength of the fibres typically varies between 2 GPa and 4 GPa, although the elastic 
modulus of the fibres is more variable depending on the fibre type, typically between 70 
(glass fibre) and 400 GPa (high modulus carbon fibre). The matrix of an advanced 
composite material has much weaker material properties; the strength and stiffness of 
the matrix are not of primary importance to the strength and stiffness of the composite 
as a whole. Furthermore, the stress-strain curves of the resins used for the matrix are 
non-linear and possess a high strain to failure. The tensile strength of the resin is 
dependent on the type and ranges from 40 MPa for polyester resins to 100 MPa for 
epoxy resins. The tensile elastic modulus varies from 2 GPa for a polyester resin to 8 
GPa for a phenolic resin. Once the resinous matrix and reinforcing fibres are combined 
into a composite, the combined material exhibits properties different to those of either 
the fibre or the matrix. The tensile strength and stiffness of a composite is dependent not 
only on the material properties of the constituent materials, but also the fibre volume 
fraction and the fibre orientation. The tensile strength of a composite with continuous 
fibres, as opposed to chopped fibres, is usually within the range of400 to 2500 MPa and 
the tensile modulus of elasticity is generally between 10 and 300 GPa dependent on the 
factors described previously.
1.2. The Use of Advanced Composite Materials in 
Construction
The possibility of using advanced composites in civil engineering has been realised due 
to a number of factors:
• Initial poor design and detailing of reinforced concrete (RC) structures.
• Deterioration of RC structures due to exposure of the steel reinforcement to adverse 
environments, such as de-icing salts in the case of bridges.
• Increased traffic volume for bridges or a change of function on other structures.
This has led to a requirement for the repair and strengthening of deteriorated structures 
using corrosion resistant materials that readily allow swift rehabilitation operations with 
minimum disturbance to the function of the structure. Indeed, it is estimated that 
approximately 40% of the bridge decks in the USA (Karbhari, 1996) and many bridges
Introduction 2
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in Europe are in need of repair or strengthening. The cost of replacing these bridges is 
prohibitive and, if at all possible, the repair or strengthening of these structures is carried 
out in preference to demolition and replacement due to time and cost factors.
In view of the problems highlighted above, it is apparent that the use of advanced 
composites in construction has become appropriate in certain applications. In addition 
to the advantages due to the high resistance of advanced composites to corrosion, the 
lightweight properties and high specific strengths and stiffnesses can also allow the 
manufacture of a lighter, more durable structural member.
There are a variety of applications involving advanced composites in construction. 
These include:
• External bonding of advanced composite plates to RC beams for flexural and/or 
shear strengthening.
• Providing composite jackets or tubes around plain concrete and RC columns.
• The use of advanced composite materials as internal reinforcement for RC 
structures.
• Cables for cable-stayed bridges.
• Advanced composite decking for bridges.
The success of strengthening and repair of structures using advanced composites has 
increased interest in the use of these composites in construction in general and for new 
construction.
Some recent examples of the use of advanced composites in civil engineering to 
construct lightweight and durable structures are:
• The Heming cable-stayed footbridge, Heming, Denmark (Christoffersen et al,
1999),
• the pedestrian bridge at Strandhuse, Kolding in Denmark (Braestrup, 1999),
• the Pontresina truss bridge over the Flaz Creek in Pontresina, Switzerland (Strehler 
et al, 1999).
Introduction 3
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The first two bridges are cable-stayed bridges with advanced composite decking and 
girders and are under a state of continuous monitoring. One particularly interesting 
aspect of the Pontresina bridge, which was first used in 1997/98, is that each year during 
flooding of the Flaz Creek and surrounding area the bridge is lifted and removed by 
helicopter and is returned once the floodwaters have dissipated. This highlights the 
potential advantages and ease of positioning of bridges when advanced composite 
materials are used.
Other examples of new construction (which are discussed in Section 2.7) are:
• the use of trapezoidal GFRP composite bridge decking on Interstate 81, USA 
(Business Wire, 1999),
• a suspension bridge consisting of an FRP bridge deck with galvanised steel towers 
over the Big Sandy River in Kentucky, USA (Research Digest, 2000),
• the Kings Stormwater Channel Bridge in California, USA, using GFRP and CFRP 
composites (Seible et al, 1999a),
• the planned Interstate 5/Gilman Advanced Technology Bridge on the University of 
California Campus, California, USA (Seible et al, 1999a),
• rehabilitation of Tom’s Creek Bridge in Blacksburg, Virginia, USA by replacement 
of the bridge deck with a laminated timber deck supported on hybrid (CFRP and 
GFRP composite) box I-beams (Hayes et al, 2000),
• the Wickwire Run Bridge consisting of a FRP deck on steel I-sections in Taylor 
County, West Virginia, USA (Gangarao et al, 1999 and The Plastics Distributor and 
Fabricator, 2000),
• the Aberfeldy cable-stayed footbridge connecting two halves of a golf course in 
Scotland, UK (Burgoyne, 1999),
• the Bonds Mill Lifting Bridge over a canal near Gloucester, England, UK 
(Burgoyne, 1999).
Examples of structures where advanced composites have been used for repair and 
strengthening exist for both reinforced and prestressed concrete and cast iron bridges. 
Carbon fibre reinforced polymer (CFRP) plate bonding was used for the strengthening 
of Haversham Bridge in Milton Keynes, UK. In this particular case strips of CFRP
Introduction 4
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composite plate were bonded on the top surface over the supports to increase the flexural 
strength of the bridge. Due to the ease and swiftness of installation of the CFRP 
composite plates, one lane of traffic was kept open at all times whilst the other lane was 
closed for strengthening. In addition, the CFRP composite plates provided high 
corrosive resistance to the presence of de-icing salts on the surface of the bridge. The 
durability aspects of the technique were certainly advantageous, furthermore, the cost of 
the CFRP composite plate bonding solution was less expensive than a steel plate 
bonding solution. The lower cost of the CFRP plate bonding option was attributed to the 
ease and speed of the strengthening operation and minimum disturbance to traffic.
The first use of prestressed CFRP composite plate bonding for strengthening of a cast 
iron bridge was used on Hythe Bridge in Oxford, UK, to increase the bridge capacity 
from 7.5 to 40 tonnes. Prestressing of the CFRP composite plates allowed stresses in the 
cast iron, due to the dead weight on the bridge, to be relieved and had a minimal effect 
on the headroom. Due to the location of the bridge, the amount of disruption to traffic 
was of importance and the ease of installation of composite plates was again 
advantageous.
The study described in this thesis is based on the use of advanced composites with
conventional construction materials, some examples of which have been discussed
above, to create a durable, lightweight structure and is now described. 1
In a typical reinforced concrete beam section, the concrete below the neutral axis is used 
solely to locate and protect the tensile steel reinforcement. Therefore, it serves no 
primary load-bearing purpose but increases the dead weight of the beam significantly. 
Furthermore, when the structural member is loaded the beam deflects and causes the 
concrete in the tensile zone to crack. These cracks compromise the protection of the steel 
reinforcement and consequently corrosion of the steel reinforcement will occur. This 
leads in turn to a reduction in the stiffness and strength of the beam and eventually to its 
complete collapse. Therefore, replacing the concrete and steel reinforcement below the 
neutral axis with an advanced composite section that provides adequate strength and
1.3. Basis of the Study
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stiffness would significantly reduce the self weight of the beam and improve its X 
durability. The concrete section above the neutral axis would be retained, as concrete is 
well able to resist high compressive loads. In such a configuration the advanced 
composite and concrete material are used to their best advantage (i.e. advanced 
composite material in the tensile zone, concrete in the compressive zone).
The main aim of the research in this thesis was to undertake the development, the 
manufacture and the testing of an advanced composite/concrete beam using theoretical, 
experimental and numerical methods. In addition, the optimisation of the advanced 
composite/concrete beam was undertaken to find the best structural form and to 
minimise the amount of material used. Furthermore, the performance of the advanced 
composite/concrete beam under static, creep and fatigue loading was investigated to 
evaluate the suitability of the beam for long term structural applications.
The development of the advanced composite/concrete beam required detailed 
knowledge of the mechanical properties of the constituent materials. Therefore, a 
programme of small-scale testing on the advanced composite material, both glass fibre 
reinforced polymer (GFRP) and carbon fibre reinforced polymer (CFRP) composites, 
together with the mix design and testing of the concrete was carried out. The small-scale 
testing programme included the testing for the residual strengths of the specimens after 
being exposed to aggressive environments, such as UV radiation, moisture and salt 
solutions; these environments could be expected to be present at some time during the 
life of a civil engineering structure.
Prior to the manufacture and testing of the advanced composite/concrete beams, the 
design was undertaken by determining the relevant failure modes and the flexural and 
shear properties of the beam. These latter properties were calculated using the material 
characterisation data that were gathered from the small-scale testing programme. The 
manufacturing procedure of the advanced composite/concrete beam (which was vacuum 
bag moulding, discussed in Chapter 5) was chosen based on the requirements of quality, 
cost and ease of fabrication.
Introduction 6
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To confirm the theoretical structural properties of the advanced composite/concrete 
beam and to determine its suitability for structural applications a series of flexural tests 
were undertaken on beams in four-point bending and three-point bending. In addition to 
the static bending tests, the beams were tested under creep and fatigue loads to determine 
their long term loading characteristics.
The experimental investigation of the advanced composite/concrete beams was carried 
out concurrently with the development of a finite element (FE) numerical model. The 
FE analysis was undertaken to allow a comparison with the experimental results and to 
perform a parameter study on the advanced composite/concrete beam. Both a linear and 
non-linear FE analysis were used to model the behaviour of the advanced composite/ 
concrete beam under static and creep loading. The buckling behaviour of the advanced 
composite/concrete beam was modelled using an eigenvalue and a post-buckling 
numerical analysis.
Introduction 1
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2. Review of Previous Work
The beam cross-section outlined in the introduction to this thesis is an example of 
combining advanced polymer composites with the more traditional construction 
materials. This general form of duplex construction, in which the materials are located 
to fully develop their advantageous mechanical characteristics, is currently being used 
in construction in a variety of applications. It will be realised that the duplex beam, of 
advanced composite/concrete construction, can be utilised in a variety of applications 
where lightweight structures with improved fatigue and creep resistance and durability, 
compared to conventional construction methods, are required.
The use of advanced polymer composites to strengthen RC beams was one of the first 
commercially successful structural applications of the combined materials. The duplex 
beam described in the introduction to this thesis widens the application of advanced 
composite material from the repair and strengthening of existing structures to that of 
incorporating the material into new construction.
The main differences between the advanced composite/concrete beam section in the 
current study and advanced composite plate bonded RC beams are:
• The removal of the steel reinforcement to negate the poor corrosion resistance of RC 
beams and improve long-term durability.
• The removal of the tensile concrete section to reduce dead load and create a light-
■
weight and efficient load-bearing structure.
In addition, the advanced composite/concrete section is designed for new construction 
rather than the subsequent repair and strengthening of existing RC structures. However, 
there are also significant similarities between the advanced composite/concrete beam 
and advanced composite reinforced RC beams:
• The compressive forces in the beam are resisted by concrete, a material with high 
compressive strength.
• The shear and tensile forces are resisted by the advanced polymer composite, either
Review of Previous Work 8
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partially in the case of composite strengthened RC beams dependent on the degree 
of corrosion of the steel reinforcement, or totally in the case of the advanced com­
posite/concrete beam in the current study.
The literature, covering the research and development of the repair and strengthening of ^  
RC structures, has investigated various topics which are relevant to the current research. 
These topics include:
• the bond strength between the concrete and composite,
• the failure modes of advanced composite reinforced or strengthened RC structures,
• the change in the load-deflection response and ductility of the strengthened struc­
ture,
• the short and long-term effects of strengthening RC structures with advanced com­
posites,
• the effect of fibre orientation in the advanced composite material on the beam 
response under load,
• the durability of composite reinforced RC structures.
Therefore, the literature based on the repair and strengthening of RC structures with 
advanced polymer composites has been included with that for new construction in the 
review of previous work.
2.1. Use of FRP Composites Combined With RC Structures
The first full structural uses of FRP composites were mainly to strengthen and repair 
damaged or overloaded reinforced concrete (RC) structures. This includes the use of 
GFRP and CFRP composites bonded to RC beams for both flexural and shear 
improvements and the containment of RC columns by CFRP composite tubes or jackets. 
Studies carried out on these two applications are reviewed below.
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2.1.1. FRP Plate Bonding of RC Beams to Improve Flexural 
Performance
The application of bonding CFRP or GFRP plates to the tensile soffit of RC beams has 
been investigated from the point of view of the structural behaviour of RC structures, 
particularly bridges, being insufficient to carry the applied loads. The reasons for this are 
either corrosion of the steel reinforcement because of cracking in the concrete leading to 
poor protection of the reinforcement, the increase of loading over the years being greater 
than the structures original design load, or poor initial design.
Meier (1987) presented the initial study of the technique of using CFRP composite 
plates for strengthening purposes. Much research has followed this study, to investigate 
the short and long term structural behaviour, the effects of fatigue, the various failure 
modes such as plate peeling, plate fracture, steel yield and concrete crushing, 
environmental effects on the flexural rigidity and strength and prestressing of the CFRP 
plates.
Shahawy et al (1996), Quantrill (1996), Garden et al (1997) and Pilakoutas et al (1997) 
have researched the bonding of CFRP plates to the tensile face of RC rectangular beams 
to increase strength and stiffness. Shahawy et al (1996) tested a series of under­
reinforced concrete beams, three of which were strengthened with CFRP plates of 
varying thickness and one of which was left unstrengthened. The bending moment at 
which cracking occurred in the strengthened beams was found to increase with the 
number of CFRP laminates. Increasing the number of CFRP laminates was also found 
to increase the ultimate strength and flexural rigidity. An additional effect of bonding a 
high modulus CFRP plate, with linear behaviour to failure, was to lessen the ductility, 
or the non-linear behaviour near failure, of the strengthened beams. The failure mode in 
all cases was found to be concrete crushing within the constant moment section of the 
four-point bending experimental set-up. A 2-dimensional non-linear finite element 
analysis was also developed which gave adequate predictions of the experimental 
behaviour of the strengthened beams.
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Pilakoutas et al (1997) studied the effect of external CFRP or steel plate bonding to 
improve the flexural capacity of RC beams. In particular, the peeling mode of failure, 
where the plate and a layer of concrete peeled off the soffit of the beam at the ends of 
the plate, was investigated and anchorage methods to negate this failure mode were 
tested. From a series of four-point bending tests on the strengthened RC beams it was 
observed that thicker plates required longer anchorage lengths to inhibit the peeling | 
mode of failure. Tapering of the plate ends was used in some of the tests to reduce the\ 
stress concentration in the region at the end of the plate and this successfully increased 
the failure load but did not change the peeling mode of failure. In addition, a new, 
anchorage method was tested that allowed an even stress distribution at the ends of the 
plate and was shown to increase the failure load of the strengthened RC beams.
Garden et al (1996) investigated the effect of CFRP plate width on strengthened RC 
beams, whilst keeping the cross-sectional area of the plate constant. Various failure 
modes were found to dominate depending on the shear span/depth ratio and the plate 
anchorage method used. In particular, the plate anchorage method was an important 
practical aspect and three types were used; GFRP angles, CFRP plates clamped over the I 
supports and unanchored plates relying solely on the adhesive bond for anchorage. It 
was found that clamping the CFRP plates over the supports showed the greatest 
strengthening effect on the beam, though both the GFRP angles and the clamped CFRP 
plates exhibited similar load-deflection behaviour. The results from varying the CFRP 
plate aspect ratio indicated that wider, thin plates enhance flexural strength more than 
narrow thick plates. The work of Garden et al (1997) concurs with that of Shahawy et al
(1996) by indicating reduced ductility when CFRP is used as a strengthening material 
for RC beams compared to unstrengthened RC beams. Studies by Smart et al (1997) 
showed similar conclusions, though in this paper an advanced composite (CFRP) 
orthogrid was employed as a replacement for the reinforcing steel in an RC beam, there? 
being no tensile steel reinforcement. The load-deflection behaviour to failure of these 
beams showed increased flexural strength compared to an RC beam with tensile steel 
reinforcement at the cost of reduced toughness and ductility. It was concluded by Smart 
et al (1997) that the reduced ductility of the advanced composite reinforced beams posed 
a challenge, but that this could be overcome by appropriate design procedures.
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The above studies focused on the short-term behaviour of RC beams strengthened with 
bonded CFRP plates or orthogrids. The long-term effect of sustained loading (creep), 
fatigue and exposure to environmental effects on these types of structures has been 
investigated by various researchers. Shahawy et al (1999) investigated the performance 
of CFRP plate bonded RC beams under fatigue loading. The beam section in this 
particular case was a T-section, with the CFRP plate bonded either to the soffit only or\ 
wrapped around the faces of the web and soffit. A program of experiments using control' 
beams (unstrengthened T-sections) and T-sections strengthened after initial fatigue 
damage at 25% of the ultimate load of the control beams was undertaken. The addition 
of the advanced composite material, either solely on the soffit or wrapped around the 
faces of the web as well, improved the fatigue life of the beams. The control beam failed 
at almost 300,000 cycles whereas the strengthened beams gave a total fatigue life of 
approximately 3,000,000 cycles depending on the number of layers of CFRP composite, 
after a pre-strengthening fatigue loading of 150,000 cycles. The fatigue behaviour of 
CFRP plate bonded beams is also discussed in Garden (1997), the conclusions of which 
were that, despite the inherent large variability of fatigue data, CFRP plate bonding 
enhanced the fatigue life of RC beams. The fatigue failure mode of the unstrengthened 
RC beams was through yield of the tensile steel reinforcement; the CFRP plated beams 
showed a similar yield of the tensile steel reinforcement after which the beams continued 
to be fatigued under the same load with only the CFRP plate providing tensile 
reinforcement in the beams.
Plevris et al (1994) tested a series of CFRP plated bonded rectangular RC beams under 
sustained load to identify the effects of creep. In conjunction with this an analytical 
model was developed to predict the creep behaviour of these beams. Control beams left 
unstrengthened were used as a comparison with CFRP strengthened beams and as a 
calibration tool for the analytical model. The CFRP plate bonded beams were found to 
have a lower initial deflection under load and less deflection due to creep effects after 
250 days compared to the unstrengthened control beam. The analytical model, using 
creep coefficients, gave predictions of deflection within 10% of the experimental values. 
Work by Quantrill (1996) studied the effects of creep on CFRP plate bonded beams at 
50% of the ultimate compressive concrete strain. Unstrengthened beams were loaded 
such that the top fibre strain of the compressive concrete was at 50% of ultimate, giving
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a lower load compared to the plate bonded beams. Under the beams’ respective 
sustained loads, the additional deflection due to creep was 30% of the initial elastic 
deflection, for both plated and unplated beams. Upon removal of the load, the plated 
beam exhibited a greater immediate elastic recovery of deflection than the unplated 
beam. The main conclusions from this work were that, once the RC beams are 
strengthened by CFRP plate bonding, the deflection due to creep is reduced, the rate of 
increase of deflection due to creep is less and the permanent deflection after removal of 
load is less.
2.1.2. FRP Strengthening to Improve Shear Performance
In addition to flexural strengthening and repair of RC beams, investigations into the 
methods available to provide additional shear strength have been carried out by Norris 
et al (1997), Malek and Saadatmanesh (1998), Triantafillou (1998) and Muntasser
(1997). Norris et al used two types of beams (where either shear or flexural effects 
dominated) and various fibre orientations of the CFRP composite were wrapped around 
the sides and soffit of the rectangular beams. The findings from the flexure dominated 
RC beams (under-reinforced flexurally) were that as the fibre orientation moves further 
from the longitudinal case the failure of the strengthened beams occurs at decreasing 
ultimate load but with greater ductility. This was due to the failure modes in each case. 
For the CFRP strengthened beam, with longitudinally aligned fibres, the failure occurred 
by peeling of the CFRP composite causing a sudden separation of the composite from ? 
the concrete for over half the length of the beam. For other fibre orientations (+/-450, 0/ 
90°) the CFRP slowly separated from the sides and tensile face. Two shear dominated 
CFRP strengthened beams (over-reinforced flexurally) were manufactured with the 
fibres oriented vertically in one beam and at +/-45° in the other. The failure load of the 
+/-450 fibre oriented beam was greater than that of the beam with fibres vertically 
aligned, as predicted, but the +/-450 fibre oriented beam had a less ductile behaviour. 
The beam with fibres vertically aligned did not fail in shear, but the tensile steel 
reinforcement yielded resulting in separation, at midspan, of the CFRP composite from 
the concrete. The +/-450 fibre oriented beam failed by separation of the CFRP composite 
from the concrete at the top of the web at one end, which was the anchorage point for 
the most highly stressed fibres. From this work the importance of the effect of fibre
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orientation on ductility and ultimate strength were clearly shown.
Triantafillou (1998) used CFRP fabric only on the sides of the RC beam to enhance 
shear strength and, in addition, proposed an analytical method for calculating the 
contribution towards the shear strength of the beam provided by the advanced composite 
material. The analytical model used a simple stress distribution within the FRP material 
to predict the contribution to the shear strength of the beam. Generally, the shear strength 
contribution of the FRP was found to be related to the axial rigidity of the FRP shear 
reinforcement, which was verified by experimental methods and with data taken from 
the literature. In addition, it was found that a maximum axial rigidity of the FRP occurs; 4~ 
any further increase in plate cross-sectional area gave no extra shear capacity to the 
beam.
Malek and Saadatmanesh (1998) outlined another analytical model based on both the 
shear capacity caused by the anisotropic behaviour of the plate (this shear capacity is 
present even in regions of pure bending) and the shear capacity caused by the moment- 
gradient, or shear force, in the beam. Both a finite element analysis and an experimental 
study were undertaken to verify the analytical model, with adequate predictions of the 
compressive strain in the concrete and the axial strain in the CFRP reinforcement. The 
analytical model showed the contribution to shear capacity provided by the CFRP 
reinforcement to be negligible for uncracked beams but when the beam was flexurally 
cracked the CFRP shear reinforcement provided a significant amount of the total shear 
resistance; this amount was proportional to the CFRP composite thickness. The 
orientation of the fibres of the CFRP shear reinforcement also had a significant effect.
2.1.3. Confinement of RC Columns With FRP Composites For 
Strengthening
A related area to strengthening of RC beams with FRP composites is the confinement 
and strengthening of RC columns with FRP composites. The strengthening effect of the 
FRP has been extensively researched, generally showing that the increased axial 
strength of the FRP reinforced RC columns to be due to both the confinement pressure 
and the stiffness of the FRP tube. Samaan et al (1998) carried out tests on GFRP
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composite jacketed concrete columns with varying layers of composite at a fibrej 
orientation of +/-75°. A model was proposed based on a multiple parameter relationship 
by Richard and Abbott (1975) to represent the confined concrete. This model was 
compared with test results from the GFRP confined concrete and data obtained from the 
literature for CFRP composite, GFRP composite and steel confined concrete columns. 
Analytical models from other researchers were also collated to provide a comparison 
with the new model. When the various analytical models do not include the stiffness of 
the restraining mechanism, prediction of the ultimate failure load was found to be poor. 
The proposed model, which took into account the stiffness of the restraint, correlated 
with the experimental studies from the literature and the +/-750 GFRP confined concrete 
columns tested and reported in the paper for all of the GFRP composite thicknesses used.
Mirmiran and Shahawy (1996) developed two analytical models to provide information 
on the structural behaviour of FRP confined RC columns. The first tool assumed passive 
confinement, that is, the confinement pressure was dependent on the axial load resisted 
by the column. The second tool defined the level of composite action and its effect on 
the flexural behaviour of the column. Subsequent comparison with an active 
confinement model developed by Mander et al (1988) showed that the latter model 
overestimated intermediate stresses in the column by up to 17%. The degree of 
composite action between the FRP jacket and reinforced concrete was discussed and the 
effects of the FRP jacket, depending on whether it was bonded or unbonded, were 
outlined. If the jacket was unbonded the contribution to the column stiffness was solely 
due to confinement whereas, if the jacket was bonded then additional axial stiffness was 
conferred to the column although the ultimate load was affected by the buckling of the 
FRP jacket under axial compression.
2.2. FRP Structures Combined With Plain Concrete
Investigation into the use of FRP composites with plain concrete, rather than reinforced 
concrete, has been relatively limited so far, except for the case of concrete filled FRP 
jackets. The advantage of using FRP’s with plain concrete is that the problem of 
corrosion of steel reinforcement is overcome by its removal from the structural system. 
Deskovic et al (1995a and 1995b) carried out an analytical and experimental study of a
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FRP composite box beam combined with a plain concrete compressive section. The box 
beam used a CFRP composite plate on the tensile soffit to enhance the flexural rigidity 
and to provide a ^varnin^ of flexural failure, which they termed as pseudoductility. The 
failure modes of the composite/concrete structure were stated as web shear fracture and 
buckling, flexural failure (a strength criterion), lateral torsional buckling, bond failure 
and diagonal shear of the concrete. An additional constraint of the design is the 
allowable deflection, or flexural rigidity of the beam. Due to the lower strain to failure 
of the CFRP to the GFRP composite, -1% and ~5% respectively, the CFRP plate was 
designed to such a thickness that a tensile failure of the plate occurred, after which the 
composite/concrete beam failed by crushing of the concrete at a higher load. The load- 
deflection behaviour therefore showed a nearly linear rigidity up to the warning failure 
of the CFRP plate and then significantly non-linear behaviour to failure. The load- 
deflection behaviour predicted from a FE model and the analytical calculations gave 
good accuracy in comparison with the experimental behaviour.
In the related paper by Deskovic et al (1995b) the long-term behaviour of the same 
composite/concrete beam was studied. This included the effects of shrinkage, creep and 
fatigue on the concrete section and creep and fatigue of the FRP composite section. The 
CFRP composite is assumed to be unaffected by creep or fatigue loading due to the uni­
directional orientation of the fibres. The analytical model that investigated the long-term 
combined effects of creep and fatigue on the properties and behaviour of the concrete 
and FRP composite generally compared well with the experimental tests of the 
composite/concrete beams. It was concluded that only the time-dependent polymer 
matrix properties of the GFRP composite were required to acquire the creep and fatigue 
behaviour of that material. The response due to fatigue loading was found to be 
dependent on the percentage of the ultimate load applied to the beam. Due to the 
reduction in the stiffness of the GFRP composite, the tensile CFRP plate was found to 
fail at lower loads when the beam was subjected to creep or fatigue loading. This in turn 
was due to stress transfer from the GFRP to the CFRP composite plate over time.
Evbuonwam (1998) performed an experimental parametric study on a similar type of 
composite/concrete beam. In this study the parameters used were the concrete segment 
width and thickness and the type of bonding mechanism for the concrete/composite
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interface. The three concrete/composite bonding mechanisms employed in the beam 
tests were provided by the use of a proprietary epoxy resin, steel Grade 8.8 bolts and a 
combination of the previous two methods. The slab width was found to have little effect 
on the load-deflection characteristics however, only two widths were used. The slab 
thickness was found to have a greater effect on the flexural strength, bond mechanism 
and rigidity; this can be predicted from beam bending theory. The use of bolts alone gave 
a reduced ultimate failure load due to stress concentrations near the bolts, thus causing 
local shear failure of the concrete. In addition to this type of failure, when the epoxy 
resin was used for the bonding mechanism, web shear fracture or fracture of the web- 
flange joint in the GFRP box section occurred. The use of an epoxy resin resulted in the 
greatest ultimate failure load and the greatest flexural rigidity, which can be attributed 
to the enhanced composite action achieved when compared to the beam where the steel 
bolts were used to transfer the stresses between the concrete and composite. 
Furthermore, without the use of a CFRP plate, or any other mechanism to provide a! 
ductile response, the load-deflection behaviour was found to be almost linear to failure.J
Triantafillou and Meier (1992) developed the first analysis of a GFRP composite/1 
concrete box beam, with a CFRP plate bonded to the lower flange to provide a \^amin^ 
of failure, for design purposes. Separate terms for the various possible failure modes of 
web shear fracture, web shear buckling, flexural failure and lateral torsional buckling 
were calculated and combined to form a design equation. This design equation was 
based on the shear forces and bending moments present in the beam and the material 
properties of the concrete, GFRP and CFRP composite. To use the proposed design 
equations, the initial thicknesses of the webs, CFRP thickness and concrete depth were 
estimated and subsequently an iterative procedure was used to satisfy stiffness 
requirements. It was noted in this study that the stiffness constraint was unlikely to be 
activated due to the inherent flexural rigidity of box-type sections. However, the flexural 
rigidity is dependent on the elastic moduli of the constituent materials, viz. concrete, 
GFRP and CFRP composite, therefore the fibre orientation of the GFRP composite and 
the thicknesses of the GFRP and CFRP composite and concrete would have a significant 
effect. Hall and Mottram (1996) carried out flexural tests on concrete/FRP sections 
where the combined permanent formwork and tensile reinforcement for the plain 
concrete was a pultruded FRP floor panel. The FRP composite/concrete bond was
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determined from push test specimens. Three FRP/concrete specimens were fabricated ! 
by initially coating the prepared FRP surface with the adhesive and then pouring fresh 
concrete onto the FRP panel before the adhesive had cured. Another three FRP/concrete 
specimens were fabricated by pouring the fresh concrete onto the FRP panel with no 
prior surface preparation or adhesive. From the bond tests on the specimens it was found 
that the use of  the adhesive bond between the plain concrete and FRP panel increased
9 9the average bond strength from 3.8 N/mm to 4.8 N/mm . In addition, the failure mode 
for the unbonded specimens was at the weak interface between the concrete and FRP 
composite section, whereas, for the bonded specimens the failure occurred within the 
plain concrete section. Eight beams were fabricated and tested in four-point bending and 
showed the flexural behaviour to be generally linear elastic. The predicted deflections 
were accurate at serviceability, but at higher loads the experimental deflection was 
greater than predicted due to extensive cracking in the tensile section of the concrete.! 
The failure mode of the beams, except one in which the FRP section was sub-standard, 
was due to concrete shear. It was concluded from the four-point bending tests that the 
use of the epoxy resin improved the performance of the FRP composite/concrete beams.
2.3. FRP Box Beams and I-Beams
Research carried out on the use of advanced polymer composites for repair and 
strengthening of reinforced and plain concrete and its utilisation in conjunction with new 
construction has been reviewed.
The use of FRP advanced composites individually to manufacture structural members 
has also been investigated, primarily in the form of box beams and I-beams. The failure 
modes under bending of these types of beams tend to be buckling of the compressive 
flange and webs and this has been researched by a number of investigators.
Meier et al (1983) carried out static and fatigue tests on FRP box beams. The box beams i 
were fabricated from a filament wound GFRP box section with uni-directional GFRP 
composite placed in the compressive and tensile flanges. The GFRP box-beams were 
loaded in four-point bending over a span of 3m, the width and height of the beams being 
118mm and 188mm respectively. The six static tests produced failure in the compressive
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flange at loads of approximately 150 kN, similar to those of a steel beam. Two fatigue 
tests were carried out at a loading frequency of 2 Hz, one with a maximum load of 19.1% 
of the static failure load and the other at 28.6% of the static failure load. The beam loaded 
in fatigue to 19.1% of the static failure load showed no damage or reduction in stiffness 
after 100 million cycles. The other beam, tested at 28.6% of the static failure load, 
exhibited the first signs of damage at 4 million cycles. After this number of load cycles 
matrix cracking occurred in matrix rich locations of the tensile section of the box-beam. 
Under further loading the first small delaminations in the composite occurred under the 
loading points on the compressive flange after 38 million cycles. The areas of 
delamination increased, however, as the fatigue loading was continued up to 100 million 
cycles, subsequent tests showed the stiffness of the beam to have decreased by only 2%. 
The minimal loss in bending stiffness exhibited by the fatigue tested beams underlined 
the superior fatigue resistance of advanced composite materials when compared with 
more conventional materials.
Sotiropoulos et al (1994) investigated the theoretical and experimental behaviour of a 
structural composite deck and a floor system consisting of a GFRP composite box and 
I-sections and flat plates with bolted and adhesively bonded joints. Both systems were 
tested under the most severe loading condition, which was concentrated loads. The 
effectiveness of the joints, in maximising composite action between the components, 
was also investigated by determining the level of strain incompatibility between 
adjacent sections. For the bridge deck system with bolted joints, a 60% level of 
composite action was calculated from the observed and theoretical strains assuming a 
perfect bond. The experimental deflection of the bridge deck system was compared with 
those determined from a theoretical and a finite element analysis. The theoretical 
analysis took into account the experimentally determined level of composite action in 
the bridge deck system and was 13% less than that observed from the experiments. 
However, the finite element analysis underestimated the deflection by approximately 
40% because the analysis assumed a perfect bond between the bolted components of the 
bridge deck system. The theoretical deflections for the four experimental composite 
floor system tests were generally within 8% of those observed experimentally. For both 
the bridge deck and floor systems the shear deflection contributed a significant; 
proportion (approximately 40% and 25% respectively) of the total deflection. '
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Gan et al (1999) used different types of stiffening mechanisms to increase the buckling i 
load of FRP box-beams and to optimise the section in terms of the amount of FRP 
present. Using finite element analysis, the initial buckling and post-buckling behaviour 
of the beams were modelled to find the most efficient section and its ultimate failure 
load. Suresh and Malhotra (1998) performed a finite element analysis of CFRP and 
GFRP composite box beams using shear deformable plate theory. The effects of the fibre 
orientation, laminate symmetry and boundary conditions were studied and the buckling 
loads calculated were compared with data from the literature. From the analysis it was 
concluded that for simply supported box beams of CFRP composite the optimum fibre 
orientation to prevent local buckling was approximately 45° and, similarly for the GFRP 
composite, independent of the laminate symmetry. However, when the box beam was 
modelled with full fixity at the ends, the optimum fibre orientation for local buckling 
was 0° and the buckling load decreased gradually as the fibre orientation increased from 
0° to 90°. Analysis of the overall or global buckling load for the simply supported beam 
showed that, different to the local buckling analysis, the optimum fibre orientation was 
approximately 20° regardless of the type of composite or laminate symmetry. For the 
fixed case the optimum fibre orientation was found to be 45° for the GFRP composite 
and approximately 30° for the CFRP composite, again independent of the laminate 
symmetry.
Holmberg and Berglund (1997) tested a series of U-beams manufactured by the resin • 
transfer moulding (RTM) technique to investigate the suitability of the RTM process and 
the strength of the cured composite component. A number of variables were used for the J 
testing programme, these were the pre-forming method, the U-beam inner radius, the 
fibre content and the presence of vacuum assistance. The U-beams were loaded under 
an opening moment causing failure by delamination of the composite material at the 
radii. In addition, it was found that the overriding factor that affected the failure load was 
the void ratio of the U-beams, whereas, variations in the fibre content and fibre 
misalignment were of minor importance. This emphasised the importance of the curing 
method for the composite material to produce components with minimum voids and to 
maximise the mechanical properties.
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Research into the combination of CFRP composite and aluminium to form a box section 
@  been undertaken at the Swiss Federal Laboratories for Materials Testing and 
Research (EMPA) in Switzerland and at the Shonan Institute of Technology in Japan.
The box beam cross-section consists of an aluminium box section with UD CFRPj 
bonded to the two flanges forming a lightweight beam.
2.4. Use of Adhesives and Bonding Methods in Construction
When two or more segments or materials are used in a structural member, a method of 
joining the two sections that provides adequate transfer of stress between the two 
sections is required. This can be achieved by a variety of methods which can be split into 
two basic groups, chemical and mechanical bonding. Chemical bonding is usually ^  
achieved with some form of adhesive, whereas, a mechanical bond can be acquired by 
the use of interlocking projections of one or both of the sections to be bonded together. 
Therefore, for the beam shape and components described in the introduction of this 
thesis, a reliable method of bonding between the concrete and composite sections is 
required that provides adequate stress transfer in order for the compressive and tensile 
sections to act compositely. A large amount of research has been done in this field, as 
the interface between materials can often be the most critical factor in the performance ^  
of a structure.
Mays et al (1983) investigated the use of adhesives to bond external steel reinforcement
to concrete decks and the effect this has on the failure mode. Four different adhesives
were used to effect a bond between the concrete and steel components. The adhesive
types used were applied first to the steel plates and, whilst the adhesive was still in the
yA r
liquid state, the fresh concrete, poured onto the steel plate. Subsequent testing showed .
that the adhesive formulation was critical in developing a full shear connection between I
the concrete and steel adherends. Similar studies have been undertaken on the bonding
of advanced composite plates to RC beams. A similar study by Mays and Vardy (1982)
investigated the use of epoxy adhesives for bonding fresh concrete to steel plates, which
acts as a permanent formwork. The concrete and steel composite construction formed a
deck supported on steel I-sections. The durability of the concrete-steel bond was found
to be dependent on humid or damp conditions and the particular adhesive formulation.
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Karbhari and Engineer (1996) investigated the bond strength of such a system and 
developed a test to provide consistent and reproducible bond strength values. The test 
apparatus enforced a ^ eel-typ^}ailure with the peel rate and angle as variables. 
Experiments using a commercial epoxy adhesive and uni-directional carbon or glass 
fibre reinforced polymer as the plate reinforcement were undertaken. From these 
experiments it was found that the^peeHbrc^ approximately 21 N/cm ^
and 14 N/cm for the carbon and glass reinforced polymers respectively.
Karbhari and Zhao (1998) studied the effect of exposure to various environments 
(immersion in water, sea water, freezing and freeze/thaw) for 120 days on the 
performance of the composite/concrete interface on a series of RC beams strengthened 
with three types of FRP fabric (two of CFRP and one of GFRP composite). The beams 
were subsequently tested in four-point bending and the results compared with those from 
a control specimen in a typical laboratory environment with an ambient temperature of 
23 °C. The reductions in strength and stiffness of the fabric bonded beams were found 
to be highly dependent on both the environmental exposure and the type of fabric. The 
CFRP fabric bonded beams generally exhibited a smaller reduction in strength and 
stiffness, although all the beams were severely affected by immersion in fresh water and 
sea water (strength and stiffness was reduced by up to 45% for the CFRP fabric and 58% 
for the GFRP fabric).
Quantrill (1996) carried out basic pull-off tests of UD CFRP coupons bonded with an 
epoxy adhesive (Sikadur 31 PBA) to concrete blocks. The surface of the advanced 
composite was prepared by roughening and cleaning with acetone whilst the concrete 
surface was grit-blasted to expose aggregate. The adhesive thickness of 2mm was? 
controlled by glass ballotini. Shear pull-off tests produced a failure of the concrete at an 
average shear stress of approximately 6 N/mm2, thereby showing the adhesive (§hear) 
strength to be adequate. In a study of incorporating advanced composite materials with 
plain concrete, Evbuomwan (1998) used three bonding methods. These were achieved 
with a two-part epoxy adhesive, steel bolts and a combination of the two in order to bond 
the GFRP composite to the plain concrete section to form a beam. Surface preparation 
of both bond surfaces consisted of roughening with sand paper and then cleaning with 
acetone solvent. The epoxy adhesive was applied to both surfaces, resulting in an
*
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adhesive bond thickness estimated to be 2mm. On flexural testing of the three types of 
beams, using the three different bonding systems described above, the flexural rigidity 
and strength was found to be dependent on the bond system. The bolted system used 
Grade 8.8 bolts of 25mm length and 6mm diameter. The beam bonded solely with the 
epoxy resin displayed the greatest flexural rigidity and an ultimate strength of 
approximately 32 kN, whereas, the beam joined to the composite plate solely with bolts 
displayed the least flexural rigidity and a strength of about 20 kN. The beam joined to 
the composite plate using bolts and the epoxy adhesive produced intermediate values of 
flexural rigidity and strength. Observation of the failure mode revealed that when bolts 
were used, with or without the epoxy adhesive, stress concentrations were produced and 
subsequently concrete fracture occurred along the line of the bolts. The use of an 
adhesive, rather than bolts, clearly produced a more reliable bond between the concrete 
and GFRP composite and also created fewer stress concentrations in the concrete 
section, allowing the full strength of the beam to develop.
2.5. Short and Long-term Properties of Advanced 
Composites
The short and long-term engineering properties of advanced composites are of 
importance for construction due to the design life requirements and the nature of the 
applied loads on structures. These properties have beeifTound/to be dependent on 
various factors such as fibre volume fraction and orientation, temperature, the type of 
matrix, void ratio and exposure to differing environments. The effect of void content of 
a fibre reinforced polymer composite on the short-term material properties has been 
studied by Wu et al (1998). An analytical model was developed and^erifie^widTa finite 
element analysis and available experimental data for uni-directional FRP’s. For this 
latter FRP material it was shown that the axial modulus of elasticity was not significantly 
reduced at void contents below 8%, although the transverse modulus of elasticity, axial 
shear modulus and transverse shear modulus were significantly affected. The analytical 
model gave adequate predictions of the experimentally obtained moduli with increasing 
accuracy at higher void contents of approximately 5%.
Other studies have investigated the effect of fibre orientation on the short and long term
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behaviour of advanced composite materials and, in general, as the fibre off-axis 
orientation increases, the axial modulus of elasticity reduces as the matrix properties 
start to dominate over the fibre properties. Furthermore, the reduction in the axial 
modulus of elasticity with time due to creep becomes more pronounced as the fibre- 
orientation relative to the loading direction increases. Scott et al (1995) carried out a 
review of the technical literature relating to creep behaviour of FRP composites. A 
discussion of the importance of the long-term behaviour of advanced composites in civil 
engineering was presented with emphasis placed on the fact that design lives of 
structures are in excess of fifty years. The wide range of research which was reviewed 
by Scott et (1995) investigated the viscoelastic properties of FRP’s and demonstrated the 
dependence of the viscoelastic properties on the fibre type, matrix type and exposure to 
different environmental effects. The different analytical models used to define and 
predict the FRP behaviour in this respect were described and summarised. From the 
review of the literature it was concluded that the two most useful analytical models that 
were used to predict viscoelastic properties of FRP composites were Findley’s power 
law (Findley et al, 1976) and Schapery’s single integral representation (Schapery, 1969, 
Lou and Schapery, 1971). In addition, Schapery’s model could be easily adapted to form 
a numerical procedure. From the literature review it was clear that the creep behaviour 
of composites was strongly dependent on fibre orientation and that the creep behaviour 
of the matrix has a much lesser effect when the composite is loaded along the fibre axis. 
It was also shown that the effect of moisture and temperature on viscoelastic behaviour 
should be incorporated into a model to ensure an accurate predication of the FRP time- 
dependent behaviour. Methods for predicting long-term behaviour from short-term tests 
were appraised and it was found that the time-temperature-stress superposition principle 
(TTSSP) has been used with success for such accelerated tests on coupons when used in 
conjunction with the Findley model or Schapery equation. The final conclusion was that
the interaction of fatigue and creep, which has not been widely investigated, cannot be 
neglected when characterising the long-term behaviour of FRP composites.
The durability of concrete columns confined with advanced composite materials was 
investigated by Toutanji (1999). The importance of a detailed knowledge of the 
durability of FRP composites used in construction (and the current lack of data in this 
research field) because of the long-term nature of the majority of civil engineering
Review of Previous Work 24
University o f  Surrey
structures was stated. In particular, the durability of the confined columns, when 
subjected to 300 wet-dry cycles of sea water at 35 °C and 90% relative humidity, was 
studied to ascertain the effect on the compressive strength, stress-strain behaviour and 
ductility. Compressive testing after the wet-diy cycling showed that the columns 
confined with CFRP composite had no reduction in ductility, whereas, those confined 
with GFRP composite showed a reduction of 20-40% dependent on the type of epoxy j  
matrix used. A slight reduction of the compressive strength of approximately 10% 
compared to that of the control specimens was also exhibited for the GFRP composite 
confined columns after wet-dry cycling.
A number of researchers have studied the resistance of advanced composite materials to 
acid and alkali immersion. This is of importance in the structural environment due to the 
possible presence of acidic and alkali solutions from transport spillages, rainfall and 
concrete (an alkaline material). Pai et al (1997) carried out tests on GFRP composite 
specimens with three variables; the acid solution concentration, the lay-up sequence of 
the composite specimen and the resin matrix used in the composite. After 5 months 
exposure in a 35% sulphuric acid solution the percentage loss in interlaminar shear 
strength (ILSS) was found to vary from 40% to 70% dependent on the type of resin used 
for the matrix. Further tests on the specimens using an isopthalic polyester resin showed Jr 
the loss in ILSS to increase after 5 months from 25% for a distilled water solution to 45% 
for the sulphuric acid solution. The loss of ILSS observed for the GFRP specimens was 
found to vary by approximately 10% dependent on the lay-up sequence used.
2.6. Analysis and Optimisation of Advanced Composites
Research has been carried out by investigators on the optimisation of advanced 
composites, primarily due to the fact that the fibre orientation of each laminate in the 
composite can be chosen to suit the particular application and load conditions. However, 
the majority of this research has been carried out on advanced composite sections where 
no other material is used in conjunction with the composite. Suresh and Malhotra (1998) 
studied the effect of fibre orientation on the global and local buckling load of CFRP and 
GFRP composite box beams. From the FE model that was developed and comparisons 
with available analytical and experimental data from the literature, it was found that a
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fibre orientation of +/-45°, especially in the outer plies, provided the optimum buckling 
load in the case of the GFRP composite. For the CFRP composite case it was found that 
a fibre orientation of approximately +/-250 gave the highest buckling load.
Duvaut et al (2000) investigated the optimisation of an advanced composite plate with 
circular holes for maximum stress based on the fibre orientation, fibre volume fraction 
and cost factors. It was shown that the optimisation approach used for the simple model 
of a flat plate was of a general nature and could be applied to more complex structures, 
such as shells, although no analysis of such a problem was undertaken.
Gan et al (1999) used a FE analysis of composite box beams stiffened in various ways 
to develop the optimum design based on the ultimate strength parameter. In their study 
both a linear buckling (eigenvalue) and post-buckling analysis were employed to 
calculate the deflection and stresses present in each model. One particular method of 
stiffening the composite box beam demonstrated the best resistance to buckling and also 
had the smallest stresses and least deflection during the post-buckling analysis. The non­
linear FE model was found to be adequate for simulating the performance of box beams 
in the post-buckling region of the deformation history.
Research into the theoretical and numerical analysis of advanced composites has been 
undertaken by a number of investigators. The literature on this topic has generally 
focused on the development of accurate and efficient analyses to model the anisotropic 
and nonlinear properties (Jouannigot et al (1999), Conceicao et al (1999)) and the 
buckling and post-buckling behaviour (Librescu and Hause (2000), Hadi and Matthews 
(1998)) of plain and sandwich advanced composite structures. The accuracy of the 
analytical models in the literature are dependent on the number and order of the terms 
incorporated in the stress-strain relations of the advanced composite, i.e. the rigidity, 
compliance and coupling matrices. In addition, the development of these analytical 
models allows the possibility of optimising composite structures for maximum stress 
and strain, deflection, strength and buckling capacity as well as other structural 
requirements. Investigations into the buckling and post-buckling behaviour of advanced 
composites, particularly sandwich structures, have shown that the fibre orientation and 
initial imperfection of the face materials have a significant effect on the buckling
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capacity and the additional load capacity in the post-buckling range.
2.7. Use in Construction of FRP Composites
The number of FRP applications in the construction industry has increased rapidly in the 
past decade and a variety of roles have been found for the material. In Japan the amount 
of carbon and aramid fibres used in construction and the number of projects involving 
these materials has increased significantly between the years 1993 and 1997 (Fukuyama, 
1999), partly due to the specific application of seismic rehabilitation as a result of recent 
earthquakes. A review of the progress of FRP applications in construction (Burgoyne,
1999) evaluated the full range of applications that have been and are in use in Europe. It 
was stated in the paper that the cost-effective use of advanced composites was only 
achieved when particular advantageous aspects of the material’s characteristics were 
utilised, such as corrosion resistance, high strength and low weight. In addition, it was 
mentioned that in many cases the cost-effectiveness of using advanced composites in 
construction would only become apparent if the whole life cost' of a project was taken 
into account.
The sustainable and recyclable use of materials is of great importance due to cost and 
environmental impact considerations. A recent paper by Keller, 1999, mentioned that 
although advanced composites make use of petroleum as a base material, which is not 
recyclable itself, composites are one of the most energy efficient uses of petroleum. This 
is due to the fact that they can be recycled (Hobbs and Halliwell, 2000 and Pickering et 
al, 2000) and also because the manufacture of advanced composites uses less energy 
than that of other construction materials such as steel.
Examples of the applications of advanced composites in construction and the reasons for 
the use of FRP’s in preference to other construction materials are now discussed.
In July of 1997 an all-composite vehicular bridge was opened in Ohio on a two-lane 
county road near Hamilton in Butler County. The bridge consisted of a series of FRP box 
beams supporting a deck. During construction of the bridge the deck and beam system 
was located in position between the bridge abutments within 3 hours which highlighted
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the advantage of lightweight materials in construction. The span and width of the bridge 
were 10m and 7.3m respectively. The matrix of the E-glass fibre composite section used 
flame-retardant isopolyesters. The total weight of the bridge deck and beam system was 
less than 10 tonnes, which when compared to a RC structure for the same function 
provided a dead weight reduction of 80%.
A year long test has been undertaken on a GFRP bridge deck on Interstate 81 in the USA. 
The deck system has been placed under high levels of traffic volume and load (Business 
Wire, 1999). The panels were manufactured to form a three-dimensional GFRP fabric 
using a vinylester resin as the matrix. The decking was formed from a series of triangular 
sections of the GFRP fabric bonded into trusses and then positioned between two GFRP 
plates. The decking units were designed to be one fifth of the weight of a typical 
reinforced concrete section for the same use with no reduction in stiffness. Other 
potential advantages that were described included fast installation and improved 
corrosion resistance and therefore reduced life-cycle costs for the structure.
A suspension bridge using a fibre reinforced polymer deck and galvanised steel towers 
and cables replaced an obsolete timber swing bridge in Kentucky, USA, over the Big 
Sandy River (Research Digest, 2000). The FRP-decked suspension bridge was claimed 
to be the longest of its type in the world, surpassing the Aberfeldy Footbridge in 
Scotland.
The Aberfeldy Footbridge, connecting two halves of a golf course, consisted of a cable-r 
stayed GFRP deck suspended from aramid ropes attached to GFRP towers. Originally, ] 
the bridge was designed solely for pedestrians, however, subsequent strengthening with 
CFRP composite in certain highly stressed locations has increased the strength capacity 
of the bridge to allow the use of motorised golf buggies (Burgoyne, 1999).
The rehabilitation of Tom’s Creek Bridge in Blacksburg, Virginia, USA (Hayes et al,
2000), which utilised hybrid CFRP and GFRP composite girders to provide longitudinal 
support to the laminated timber deck and wearing course. The bridge deck is currently 
being monitored to determine the durability and structural response of the FRP hybrid 
girders under practical service loads.
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The Kings Stormwater Channel Bridge in California (Seible et al, 1999a) used a 
combination of concrete and advanced composite materials to form a short-span beam/ 
slab structure for the use of both vehicular and pedestrian traffic. The superstructure of 
the stormwater channel was comprised of a GFRP trapezoidal deck system (using E- 
glass fibres and a vinylester matrix) with transverse glass/carbon fibre hybrid 
rectangular sections. The deck system was in turn supported by a series of longitudinal 
CFRP tubes filled with lightweight concrete. The concrete in the filled CFRP 
longitudinal tubes was found to have a minimal contribution to stiffness and strength, 
although the concrete did contribute to the stability and buckling resistance of the thin 
CFRP tubes. To provide shear connections between both the transverse hybrid carbon/ 
E-glass rectangular beams and composite deck and the concrete-filled CFRP tubes and 
hybrid carbon/E-glass beams, steel stirrups were used. The length and width of the 
bridge were approximately 20m and 30m respectively, with a total depth including the 
lightweight concrete-filled CFRP tubes of approximately 0.53m. The FRP composite 
systems were manufactured using the pultrusion and hand lay-up process technologies. 
The FRP components of the bridge were manufactured and construction of the bridge 
began in November, 1999 and was completed in the summer of 2000.
Additionally, in California at the University of California San Diego Campus, the 
planned Interstate 5/Gilman Advanced Technology Bridge (Seible et al, 1999a) is an 
example of the use of advanced composites in conjunction with conventional 
construction materials for infrastructure. The bridge has been designed to support two 
lanes of vehicular traffic, two lanes for bicycles, two pedestrian walkways and utility 
tunnels. The form of the structure is a dual-plane fan-type cable-stayed bridge with an 
A-frame pylon. The length and width of the bridge will be approximately 137m and 18m 
respectively with a deck depth of 1.45m. The advanced composite deck will consist of \ 
a polypropylene fibre reinforced concrete slab supported on transverse hybrid E-glass/ 
carbon epoxy beams. The fibre-reinforced concrete deck and transverse beams will be 
supported by two longitudinal carbon/epoxy tubes filled with lightweight concrete. Due 
to the span of the bridge, the longitudinal carbon/epoxy tubes will be connected together 
by conventional steel reinforcement at 9.75m intervals. The transverse and longitudinal 
beams will be connected together with an adhesive bond. The A-frame legs consist of
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carbon/epoxy tubes filled with lightweight concrete, similar to the longitudinal deck 
beams, although the pylon head will be manufactured from conventional materials. The 
cable stays will be manufactured from a variety of materials due to cost considerations. 
Therefore, steel cable stays will be used for the longer span and aramid or carbon/epoxy 
cable stays will be used for the shorter span. This arrangement allows for real-time 
monitoring and comparison of the performance of the different materials used for the 
cable stays in a working environment. The abutments and foundations for the bridge will 
be constructed from conventional materials. Due to the use of advanced composites and 
lightweight concrete a reduction in the deadweight loading on the substructure of the 
bridge can be expected, though this was not discussed in the article.
Another example of a cable-stayed bridge using advanced composite components is the 
Heming Footbridge in Heming, Denmark (Christoffersen et al, 1999). The bridge was 
opened in September 1999 and is comprised of two spans each of 40m. One span of the 
bridge deck was constructed from conventional reinforced concrete and also used 
stainless steel reinforcement whilst in the other span the steel reinforcement was 
replaced with CFRP composite reinforcement. The deck was post-tensioned using 
CFRP tendons and suspended from CFRP cables attached to a steel pylon. One 
particular important feature of the design was to take into account the linear elastic 
stress-strain response of the CFRP composite reinforcement. Either a brittle failure 
mode could be used with high partial safety coefficients or, as was used for this 
footbridge, the deck could be over-reinforced to utilise the more ductile concrete 
crushing failure mode. In addition, to increase the ductility of the concrete crushing 
failure mode stirrups were employed to confine the compression zones of the concrete. 
It was noted, during construction of the footbridge, that the use of the lightweight CFRP 
composite allowed swift and easy positioning of the cable stays. Continuous monitoring 
of the level of corrosion, strain and loads in the advanced composite and steel 
reinforcement was used to allow a future appraisal and comparison of the relevant 
materials with respect to corrosion, stiffness and strength.
The cable-stayed bridge at Strandhuse near Kolding, Denmark (Braestrup, 1999), was 
constructed entirely from GFRP composite, the erection of the structure only taking 18 
hours. The length and width of the bridge were 40.3m and 3.2m respectively with spans
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of 27m and 13m. The structure consisted of a 1.5m deep girder fabricated from standard 
pultruded GFRP channel, angle and I-sections attached to GFRP cable-stays of 100mm 
by 100mm cross-section. The pylon was 18.5m high and was also fabricated from 
standard GFRP sections. The separate sections of the bridge were joined together by 
steel bolts, the only steel present in the structure excluding the steel in the concrete 
foundations. The use of bolts was not envisaged as the most effective method of joining 
the separate GFRP sections and subsequent research into the use of adhesive bonding 
was proposed. The total weight of the bridge was 12.5 tonnes which was calculated to 
be less than half the weight of a corresponding steel structure. A costing analysis was 
also undertaken for the bridge, which compared the advanced composite solution to steel 
and reinforced concrete solutions. The total cost was broken down into separate items 
which allowed the particular advantages and disadvantages of the materials to become 
apparent. In particular, the material cost for the advanced composite solution was greater 
than that for both the steel and reinforced concrete solutions, although this was 
substantially offset by projected savings on the erection, foundation and surface 
treatment costs. The cost of the advanced composite solution was 5-10% greater than 
that of the other options, although the future maintenance and possible repair of the 
structure were not taken into account. It was suggested that, due to the resistance to 
corrosion of advanced composites when exposed to water, frost and de-icing salts, there ^  
would be substantial savings on maintenance and repair, showing the advanced 
composite bridge to be a cost-effective solution.
The Pontresina pedestrian bridge crossing Flaz Creek in Pontresina, Switzerland ^ 
(Strehler et al, 1999) makes particular use of the lightweight properties of advanced 
composites. The bridge consists of two 12.5m spans using a truss design with the upper 
chord serving as a handrail. Each year when the river is flooded the bridge is removed
by helicopter from the site to be returned once the floodwaters have receded. On one
'
span, bolted joints were used, whereas on the other span glued joints were used. At the 
end of the first winter season, 1997-1998, the bridge was removed and taken to the Swiss 
Federal Institute of Technology, Zurich, for static and dynamic testing. The structural 
tests found the truss girder with glued joints to have a stiffness 15% greater than that of 
the truss with bolted joints and was found to exhibit a dynamic response similar to that 
of a steel or reinforced concrete bridge.
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The Wickwire Run Bridge in Taylor County, West Virginia, USA, (Gangarao et al, 1999 
and The Plastics Distributor and Fabricator, 2000) is an example of the use of FRP 
composite materials with steel. The bridge is 30 feet long and 22 feet wide and is 
comprised of a transverse composite deck with a hexagonal internal cross-section 
supported on longitudinal steel I-beams. The composite deck used a modular design and 
the separate composite components were joined with a shear key system providing both 
a mechanical and adhesive bonding mechanism. The design of the composite deck 
resulted in a structure that was five times lighter and six times stronger than a 
conventional deck that would perform the same function. Additional features of the deck 
system were its good energy absorbing capacity, good fatigue and corrosion resistance 
and a short erection period using light equipment.
The Bonds Mill Lifting Bridge near Gloucester, UK, (Burgoyne, 1999) showed the 
particular advantage of lightweight construction allowing the use of light lifting gear, in 
this case the whole structure can be lifted with a pair of hydraulic jacks. The bridge deck 
was made from pultruded GFRP sections with the upper cells of the deck filled with 
foam to provide extra resistance to local bending under wheel loads.
2.8. Summary of Previous Work and Practical Applications 
of Advanced Composites in Construction
The review of previous research on the use of advanced composite materials in 
conjunction with conventional materials in construction has indicated a number of 
important areas that require further investigation and development. The literature and 
data on advanced composite structures is in an early stage of development due to the 
relative novelty of the materials in construction compared to conventional materials 
such as steel and concrete. Therefore, further knowledge of the advanced composite 
properties is required for the efficient and safe use of these materials in construction, 
such as the effects of creep and fatigue loading, the optimisation of structures using 
advanced composites with other materials and the effects of exposure to various 
environments.
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3.1. Introduction to the Advanced Composite Materials
The advanced composite materials used for the manufacture of the advanced composite/ 
concrete beam consisted of GFRP and CFRP composite, both using a low-temperature 
curing resin matrix. For the GFRP composite E-glass was used and for the C FR P^.' 
composite T300, or high-strength, type carbon fibres were used. The GFRP composite 
was supplied as a +/-450 woven fabric on a roll, whilst the CFRP composite was supplied 
as a uni-directional tape on a roll and both were stored at a temperature of -20 °C. A low- 
temperature curing resin was used to allow ease of manufacture and to keep the 
manufacture costs low. In addition, for the full-scale manufacture of an advanced 
composite/concrete unit on site, a low-temperature cure is a distinct advantage. The 
manufacturing process for the advanced composite is now described.
The first stage of the manufacturing process was to remove the advanced composite, 
material from the cold storage and allow the material to thaw over a period of three 
hours. Once the material had sufficiently thawed the roll was removed from the sealed 
bag and the required amount of composite was cut from the roll. The roll was then 
resealed and placed back in storage. To manufacture the coupons for the material testing 
described below plates of 1mm thickness were laid up from three layers of the GFRP 
composite or seven layers of the CFRP composite. The first layer was laid up on a PTFE 
covered MDF (medium density fibreboard) board and a roller used to remove any air , 
bubbles. Each layer was rolled in a similar manner to ensure a low voidage content in 
the finished advanced composite component. On completion of laying up of the 
composite material a pin-prick release film was placed over the composite to allow 
removal of gaseous voids during the curing period. A breather felt was placed over the \ 
pin-prick material and the whole mould to allow bleeding of the resin and to protect the 
vacuum bag. The whole assembly was then placed in a vacuum bag and the plate cured 
for a period of 16 hours at a temperature of 60 °C in an oven and under a vacuum of 1 
atmosphere. After the cure period the mould and composite assembly were removed 
from the oven and the vacuum released. On removal of the vacuum bag, breather felt and , 
pin-prick material the composite plate was ready for cutting into coupons.
Material Characterisation 33
University o f  Surrey
To undertake a complete design and analysis for the advanced composite/concrete beam, 
the mechanical properties of the constituent materials (viz. concrete, GFRP and CFRP 
composites) were found using the appropriate tests as specified in the material testing 
standards. In particular, the following tests were undertaken on the LTM26 advanced 
composite material:
• Short-term tensile tests to determine the material properties and non-linear behav­
iour at room and elevated temperatures.
• Long-term tensile tests to determine the effect of creep on the material properties.
• Exposure to increasing durations of a combination of UV light and humidity to sim­
ulate environmental conditions and the durability of the advanced composite mate­
rial.
• Prolonged immersion of the advanced composite material in water, saturated road 
salt solution and diesel. These samples were then tested and compared to a batch of 
control specimens.
The reason for investigating the mechanical properties of the material at elevated 
temperatures in the short-term tests was to identify any reduction in the properties that 
might occur when the temperature of the environment approaches that of the glass 
transition temperature. The glass-transition temperature of a polymeric material is 
dependent on the degree of cross-linking in the molecular chains in the polymer. A low 
degree of cross-linking in a thermoset polymer allows softening at elevated 
temperatures, whereas a thermoset polymer with a high degree of cross-linking may not 
undergo any softening at all at elevated temperatures. Therefore, elevated temperatures 
have a greater effect on the composite material properties than lower temperatures. A 
more detailed description of the mechanism of polymerisation and glass transition 
temperature is available in Mallick (1993).
The advanced composite material was cured at 60 °C during the manufacturing 
procedure of the beam. At this cure temperature the glass transition temperature was 
approximately 20 °C greater than this temperature. Testing the composite material at 
higher temperatures than the curing temperature, assuming no post-cure of the material 
was undertaken, would mean that the glass transition temperature would be reached. At
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these higher temperatures the behaviour of the material under load becomes more 
viscoelastic and therefore a ductile response is observed.
^ maS-scalp^ests were also carried out on concrete cubes and cylinders to determine thej 
compressive properties of the concrete mix design used in the current study. Shear bond 
pull-off tests were used to provide information on the bond strength when the concrete 
was adhered to the composite with epoxy adhesive.
A number of plates were manufactured from material obtained during one factory 
production run of the pre-preg composite. All of the coupon specimens were cut from 
plates using a diamond-edged circular saw, the first cut was made at least 10mm from 
the edge of the plate to ensure that the composite was of high quality and low voidage. 
The composite plates were cured in a similar manner to the advanced composite/ 
concrete beam. Three plies of +/-450 GFRP composite were used to form a nominal 
1mm thickness plate. A roller was used to compress each pre-preg layer to ensure low 
void content of the composite material. The plate was then cured for 16 hours at 60 °C 
under a vacuum of 1 atmosphere using a pin-prick film against the pre-preg, followed 
by a breather blanket and vacuum bag.
The test standards for the coupon specimens required the use of 2mm thick aluminium 
end tabs. This ensured that a uniform strain developed across the width of the specimen 
and that a minimum amount of damage was caused to the specimen when clamped in the 
jaws of the testing machine. The end tabs were bonded to the composite coupons with a 
two-part epoxy adhesive (3M - 9323 A/B) after both the aluminium and composite bond 
surfaces were prepared by roughening with emery paper and cleaning with acetone. The 
bond was cured for at least 24 hours prior to tensile testing.
The tests for each of these materials are now described in separate sections.
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3.2. GFRP Composite (+/-450 orientation)
The full specification of the GFRP composite material was GFOIO (390g/m2 Eglass 2x2 
twill/LTM26-50% fibre volume fraction - ACG Product). A variety of tests on the GFRP 
composite material were carried out to ascertain the effects of temperature, UV exposure 
and simulated weathering and the effects of various substances; water, saturated road 
salt solution and diesel. Tensile coupon tests at room temperature (RT) were used as 
control specimens to provide a comparison for the tests in other environments. All 
tensile testing was undertaken on an INSTRON Model 1185 testing machine.
3.2.1. Tensile Coupon Tests at Room Temperature
Tensile coupon specimens of the +/-45° GFRP composite were tested according to 
CRAG Technical Report 88012 (1988) to determine the off-axis material properties. The 
coupon dimensions were 25mm width by 250mm length by 1mm nominal thickness, 
with aluminium end tabs of 50mm length. This gave the coupon a free length of 150mm. 
The test rate was set at 5mm/minute to enforce failure of the coupon within the specified 
30 to 90 second period. The temperature during testing was recorded as 22.1 °C. To 
allow calculation of the longitudinal modulus of elasticity and Poisson’s ratio, 
longitudinal and transverse strain gauges were located on either side of the coupon at its 
centrepoint. The strain and corresponding load data was recorded on a Schlumberger SI 
3531D data acquisition system.
The longitudinal and transverse stress-strain curves from testing 5 coupons are shown in 
Figure 3.1. Failure of the coupons occurred by tensile fracture with significant necking 
and stress-whitening at the failure location (Figure 3.2). The location of the failure had 
little effect on the tensile failure stress, however, the recorded tensile failure strain was 
found to be dependent on the location of the failure. The recorded tensile failure strain 
was generally lower when failure occurred away from the location of the strain gauge. 
It was observed that, near failure, large local strains at the eventual failure location 
occurred. Therefore, when failure occurred away from the central strain gauge position 
the recorded strain would be less than when failure occurred at the strain gauge.
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Figure 3.1 Tensile Stress-Strain Curves at Room Temperature For +/-45° GFRP
Composite
Figure 3.2 Photograph of Tensile UD CFRP and +/-450 GFRP Composite 
Coupon Showing Necking and Stress Whitening
The stress-strain data from the +/-45° GFRP composite coupons showed three stages of
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response. The first stage, where the fibre orientation was constant and the composite 
matrix was intact, showed a generally linear response under load, up to approximately 
70 MPa. Between 70 MPa and approximately 110 MPa (the second stage) the GFRP 
composite exhibited a distinctly non-linear response as the load increased. This was 
attributed to matrix cracking, observed through stress-whitening and necking of the 
coupon, as the fibre alignment straightened. The third and final stage, which occurred 
from 110 MPa through to failure of the coupon, exhibited a linear response but at a much 
lower modulus of elasticity than the first stage. From observation of the failure mode the 
response of the third stage appeared to be solely due to straightening and pull-out of the 
glass fibres, as the matrix was extensively damaged. The failure stress of the +/-45° 
GFRP composite coupons was within a small range, whereas the failure strain was 
highly variable. This was attributed to the highly damaged state of the coupon specimens 
and the proximity of the failure zone to the strain gauge.
The longitudinal modulus of elasticity was calculated using an average value from the 5 
coupons with the original coupon cross-section unaffected by the necking that occurred 
prior to failure. The change in the longitudinal secant modulus of elasticity with tensile 
load is shown in Figure 3.3.
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Figure 3.3 Change in Longitudinal Modulus of Elasticity With Load at Room 
Temperature For +/-45° GFRP Composite
Material Characterisation 38
University o f  Surrey
3.2.2. Temperature Effects on Tensile Strength and Stiffness
Two sets of tests were carried out to determine the effect of temperature on the GFRP 
composite material properties. One set was tested at 45 °C and the other set at 60 °C to 
enable a comparison with the control specimens at 22 °C (RT).
To test the +/-450 GFRP composite specimens at elevated temperatures the coupons 
were heavily lagged after being instrumented with electrical resistance strain gauges and 
then placed in an oven until the correct temperature was reached. The temperature was 
monitored by attaching a type ‘T’ thermocouple to the face of the coupon. To ensure the 
whole of the coupon was at the required temperature, the coupon was retained in the 
oven at the specified temperature for 5 minutes. The lagged coupon was then removed 
from the oven, placed in the tensile testing apparatus and tested to failure at the same 
strain rate as for the control tests at^Rl). The loss in temperature of the lagged coupons 
was monitored during testing and was found to be less than 1 °C. Dummy strain gauges 
were used to ensure the elevated test temperature did not affect the strain gauge 
calibration.
The longitudinal stress-strain curves are shown in Figure 3.4 for testing undertaken at 
RT, 45 °C and 60 °C.
It was clear from the tensile tests at elevated temperatures that the tensile modulus of 
elasticity and stress at which necking began, signifying the initial failure of the material, 
were reduced compared to the value at RT. In particular, the elevated temperature tests 
showed a general reduction in the coupon tensile strength and stiffness as the test 
temperature neared the glass transition temperature.
Material Characterisation 39
University o f Surrey
160
140
120
& 100
80
60
40
20
0
2 60 4 8 10 12
Strain, %
45 cleg. C
60 cleg. C
Figure 3.4 Tensile Stress-Strain Curves For +/-45° GFRP Composite at Various
Temperatures
3.2.3. Weathering Effects (UV exposure and moisture)
Five sets of coupons were tested to determine the effects of weathering. To simulate 
weathering, the coupons were placed in a QUV! ‘weatherometer’, each set undergoing 
the regime summarised in Table 3.1. An exposure time of 2000 hours was an industry 
standard (Q-Panel, 2001) equivalent to 4-5 years in the natural U.K. climate.
Prior to installation of the coupons in the ‘weatherometer’, the edges of the coupons 
were sealed with an epoxy adhesive to prevent edge effects. The coupon specimens 
would then be representative of large composite areas where minimal fibre exposure 
would occur. To ensure no contamination occurred after testing, the coupons were 
sealed in polythene bags after removal from the QUV ‘weatherometer’. In preparation 
for testing the coupons were removed from the polythene bags, surface dried and 
instrumented with strain gauges, in the same way as in the control tests at RT. Inspection 
of the weathered coupon specimens revealed no discolouring or other visual damage.
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Typical results for the longitudinal and transverse stress-strain curves are shown in 
Figure 3.5. The general trend for the weathering tests was that as the period of exposure 
increased the tensile modulus of elasticity and stress at which necking occurred 
decreased. This was particularly evident at the maximum exposure period of 2000 hours 
where the average failure stress of the specimens was reduced from approximately 150 
MPa for the shorter exposure period specimens to approximately 120 MPa.
Table 3.1 UV/Moisture Exposure Durations For +/-450 GFRP Composite
Coupons
Coupon set Weathering regime
1 250 hours on each face
2 500 hours on one face
3 500 hours on each face
4 1000 hours on one face
5 2000 hours on one face
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Figure 3.5 Typical Tensile Stress-Strain Curves of +/-45° GFRP Composite For
Various Weathering Regimes
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3.2.4. Effects of Substances on Tensile Strength and Stiffness
Tensile testing was carried out on three batches of five coupon specimens. A batch of 
five coupon specimens was sealed in a bag containing tap water for 2000 hours. 
Similarly, a batch of five coupon specimens were sealed in a bag of diesel oil and a batch 
of five specimens were sealed in a bag containing a saturated road salt solution. Again, 
all edges of the coupons were sealed with epoxy adhesive. On removing the coupons 
from the sealed bag after 2000 hours exposure to the specific environment, they were 
surface dried and instrumented in the same way as for the RT control specimens.
The typical longitudinal stress-strain curves are shown in Figure 3.6. The failure stress 
of the specimens after immersion in the solutions for 2000 hours generally decreased 
compared to the control specimens, though no particular solution had a greater effect 
than any other. However, the road salt solution and diesel both had a greater effect on 
the tensile modulus of elasticity of the specimens than the tap water solution.
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Figure 3.6 Typical Tensile Stress-Strain Curves For +/-45° GFRP Composite 
Coupons Immersed in Various Environments
Material Characterisation 42
University o f  Surrey
3.2.5. Summary of Static Tensile Tests On +/-450 GFRP Coupon 
Specimens
To compare and summarise the +/-450 GFRP composite static short-term tensile tests, 
the strength and modulus of elasticity at various stress levels of the coupons are shown 
in Table 3.2. As a result of the limited amount of material available for coupon 
specimens a statistical analysis was used on the coupon test results to show which test 
conditions gave a significant loss of strength or stiffness. The particular statistical test 
used was a one-tailed t-test to test if the average strength and stiffness were significantly 
lower than the average of the control specimens. Walpole (1999) provides a good 
description of this statistical test and when it is appropriate to use.
Table 3.2 shows which category gave significant test results and the level of significance 
tested.
Table 3.2 Tensile Strength and Stiffness of +/-45° GFRP composite with one-tailed
t-test results
Test type Tensile strength, MPa
Significance 
at 5%, 1%
Tensile stiffness 
at 0.5% strain, 
GPa
Significanc 
e at 5%, 1%
RT (j(58.§) - 12.92 -
45° 136.0 Yes, No 10.45 Yes, Yes
60° 144.8 Yes, No 9.34 Yes, Yes
Water 129.2 Yes, No 12.55 No, No
Saturated Road 
Salt Solution
Cj93> Yes, Yes 10.89 Yes, Yes
Diesel 134.4 Yes, No 12.06 Yes, Yes
250/250 hrs 140.4 No, No 11.69 Yes, Yes
500 hrs 149.2 No, No 12.16 Yes, Yes
500/500 hrs 154.8 No, No 11.42 Yes, Yes
1000 hrs 120.8 Yes, Yes 11.30 Yes, Yes
2000 hrs 123.2 Yes, Yes 11.53 Yes, Yes
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Table 3.f Tensile Strength and Stiffness of +/-45° GFRP composite with one-tailed 
 ^ t-test results
Test type Tensile strength, MPa
Significance 
at 5%, 1%
Tensile stiffness 
at 0.5% strain, 
GPa
Significanc 
e at 5%, 1%
Test type
Tensile 
stiffness at 1% 
strain, GPa
Significance 
at 5%, 1%
Tensile 
stiffness at 1.5% 
strain, GPa
Significanc 
e at 5%, 1%
RT 9.30 - 7.13 -
45° 7.19 Yes, Yes 5.35 Yes, Yes
60° 6.29 Yes, Yes 4.92 Yes, Yes
Water 8.95 No, No 6.67 No, No
Saturated Road 
Salt Solution
8.13 Yes, Yes 5.81 Yes, Yes
Diesel 8.71 Yes, No 6.70 Yes, No
250/250 hrs 8.63 Yes, No 6.51 Yes, No
500 hrs 9.10 No, No 7.07 No, No
500/500 hrs 8.66 Yes, No 6.70 Yes, No
1000 hrs 8.41 Yes, Yes 6.31 Yes, Yes
2000 hrs 8.55 Yes, Yes 6.17 Yes, Yes
3.2.6. Tensile Creep Tests
To characterise the long-term material properties of the +/-450 GFRP composite, creep 
tests were carried out on four sets of three coupons. Three of the sets were tested to 
determine the dependence of the coupon creep properties on the free length. For these 
three sets the width was 25mm whilst the free lengths were 83mm, 150mm and 225mm. 
The fourth set was chosen to have an aspect ratio the same as that of the +/-45° GFRP 
composite in the advanced composite/concrete beam and had a width and free length of 
90mm and 300mm respectively.
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The coupons were loaded, using a lever system and dead weights, to 50% of their 
ultimate static tensile stress. Instrumentation was provided by two longitudinal and two 
transverse electrical resistance strain gauges. The loading arrangement used for the 
narrow 25mm creep tests was the same as that used by Howard et al (1987) which 
described in detail the loading conditions of the creep test set-up. To provide adequate 
results, it was essential that the load applied to the creep specimens was purely axial and 
spread evenly along the ends of the specimens. Therefore, to ensure a constant axial 
stress across the wide 90mm creep specimens, a whipple tree arrangement was used. To 
ensure no bending moments were applied to the creep specimens a universal joint 
assembly, comprised of a rose bearing and horizontal pivot block, was used. The vertical 
alignment of the specimens was achieved by the use of self-aligning sliding wedge end 
grips with ball-seated connections.
The change in longitudinal strain, transverse strain and Poisson’s ratio with time are 
shown in Figures 3.7 and 3.8 respectively for both the 25mm width and 90mm width 
coupons.
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Figure 3.7 Change in Strain With Time For +/-45° GFRP Composite
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Figure 3.8 Change in Poisson’s Ratio With Time For +/-45° GFRP Composite
Of greater interest was the change in longitudinal modulus of elasticity with time, shown 
in Figure 3.9. In general, for all four sets of coupons, the longitudinal and transverse 
strains increased rapidly within a short time period, after which the increase in strain 
occurred at a much lower rate, although a stationary value of strain was never reached.
From the 25mm width coupons the increase in strain due to creep became greater as the 
free length of the coupons increased, although there was no direct proportionality. The 
90mm width coupons with a free length of 300mm exhibited a similar increase in 
longitudinal strain due to creep as that observed for the 25mm width coupons with a free 
length of 225mm. The increase in Poisson’s ratio due to creep shows a similar 
dependency on the free length as that observed for the longitudinal strain, i.e. it becomes 
greater as the free length increase, although no direct proportionality exists.
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Figure 3.9 Change in Longitudinal Modulus of Elasticity With Time For +/-450
From the creep coupon tests it is clear that the creep properties of the +/-45° GFRP 
composite are highly dependent on the coupon free length and aspect ratio. However, 
based on the test results no direct relationship exists between the creep properties and 
the aspect ratio or free length of the coupons.
The full specification of the UD CFRP composite material was HTA 12k (150g/m2/ 
LTM26 - 68g/m2 60% fibre volume fraction - ACG Product). The UD CFRP composite 
in the beam was enveloped by the GFRP composite and was therefore protected to a 
degree from environmental effects. However, to confirm the relatively inert nature of the 
UD CFRP composite material, the same tests that were performed on the GFRP 
composite were used for the UD CFRP composite. The UD CFRP composite coupons 
were manufactured in a similar way to the +/-45° GFRP composite coupons. The plate 
was manufactured from seven plies of UD CFRP composite to give a nominal thickness 
of 1mm (with each layer rolled to ensure low void content) and cured at 60 °C for 16 
hours under a vacuum of 1 atmosphere.
GFRP Composite
3.3 CFRP Composite
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For testing purposes, exactly the same procedure for bonding on aluminium end tabs was 
used for both the UD CFRP and +/-45° GFRP composite coupons. The tests that were 
carried out on the UD CFRP composite consisted of tensile loading at RT, 45 °C, 60 °C, 
UV weathering, exposure to solutions and long-term creep tests, which are now 
described.
3.3.1. Tensile Coupon Tests at Room Temperature
Tensile testing of the UD CFRP composite was undertaken according to CRAG (1988). 
The coupon dimensions were the same as for the narrow GFRP composite coupons, i.e. 
25mm width by 250mm length by 1mm nominal thickness. Aluminium end tabs were 
bonded to the UD CFRP using the same method as that used for the GFRP composite 
coupon specimens. The free length of the UD CFRP coupon specimens was 150mm. 
The strain rate was set at 5mm/minute to enforce failure of the coupon between 30 and 
90 seconds. During testing of the coupons the recorded temperature was 22.1 °C. The 
longitudinal and transverse strains were recorded in the same manner as that used for the 
GFRP composite coupons.
Failure of the coupons was generally of a catastrophic nature with tensile fibre breakage 
and multiple delaminations. The material response under load was essentially linear to 
failure, as can be seen in Figure 3.10.
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Figure 3.10 Tensile Stress-Strain Curves For UD CFRP Composite Specimens
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3.3.2. Temperature Effects on Tensile Strength and Stiffness
The elevated temperature test procedure and instrumentation for the UD CFRP coupons 
was the same as that used for the +/-45° GFRP composite coupons. The tensile 
longitudinal stress-strain curves for the UD CFRP composite are shown in Figure 3.11 
for testing undertaken at RT, 45 °C and 60 °C. At elevated temperatures the failure stress 
of the specimens was not significantly effected, although the tensile modulus of 
elasticity was reduced. The average tensile modulus of elasticity and failure stress of the 
specimens are summarised in Table 3.3.
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Figure 3.11 Tensile Stress-Strain Curves For UD CFRP Composite at Various
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3.3.3. Weathering Effects (UV exposure and moisture)
The weathering test procedure and instrumentation of the UD CFRP composite coupons 
was the same as that used for the GFRP composite coupons. The tensile longitudinal 
stress-strain curves for the UD CFRP coupons are shown in Figure 3.12. In general, it 
was observed that exposure to UV weathering had a negligible effect on the tensile 
modulus of elasticity and failure stress of the UD CFRP specimens.
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Figure 3.12 Typical Tensile Stress-Strain Curves For UD CFRP Composite For
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3.3.4. Effects of Substances on Tensile Strength and Stiffness
The same solutions and test procedures were used for the UD CFRP and +/-450 GFRP 
composite coupons. The tensile longitudinal stress-strain curves recorded from the UD 
CFRP composite coupon tests are shown in Figure 3.13 for the various solutions used. 
Of the three solutions used, the road salt solution had the most severe effect on both the 
tensile modulus of elasticity and the failure stress of the specimens.
(001
2
co
CO0)
C/>
2000
1800
1600
1400
1200
1000
800
600
400
200
0
100000 5000 15000
Control (RT) 
Water 
Road salt 
Diesel
Microstrain
Figure 3.13 Typical Tensile Stress-Strain Curves For UD CFRP Composite 
Coupons Immersed in Various Environments
3.3.5. Summary of Tensile Tests On UD CFRP Coupon Specimens
To compare and summarise the UD CFRP composite static tensile tests the strength and 
stiffness at various strain levels are shown in Table 3.3. A one-tailed t-test was used to 
identify which test conditions provided significant changes in strength and stiffness.
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Table 3.3 Tensile Strength and Stiffness of UD CFRP Composite
Test type
Tensile
Strength,
MPa
Significance 
at 5%, 1%
Tensile 
stiffness at 
1.0% strain, 
GPa
Significance 
at 5%, 1%
RT 1958 - 146.8 -
45 °C 1721 Yes, Yes 129.6 Yes, Yes
60 °C 1553 Yes, No 140.8 No, No
Water 1958 No, No 146.7 No, No
Saturated Road 
Salt Solution
1659 Yes, Yes 141.7 Yes, No
Diesel 1941 No, No 146.1 No, No
250/250 hrs 1982 No, No 152.8 No, No
500 hrs 2107 No, No 150.58 No, No
500/500 hrs 2185 No, No 153.96 No, No
1000 hrs 2116 No, No 150.31 No, No
2000 hrs 2058 No, No 149.45 No, No
3.3.6. Tensile Creep Tests
It was assumed that the UD CFRP composite does not undergo any significant amount 
of creep under tensile load. However, to ensure this was the case for the particular fibre- 
matrix system and curing/manufacture method used in this study, three UD CFRP 
composite coupons were tested under a long-term loading of 50% of their ultimate static 
tensile load. The creep test was carried out using a lever system and dead weights to 
apply the tensile load, the same method as that used for the +/-45° GFRP coupon creep 
tests. Longitudinal and transverse strains were recorded using electrical resistance strain 
gauges. The change in longitudinal strain, transverse strain and Poisson’s ratio with time 
are shown in Figures 3.13 and 3.14 respectively. The amount of additional longitudinal 
creep strain after 3200 hours was approximately 10 microstrain, which confirms that the 
UD CFRP composite material, for practical purposes, has a constant longitudinal 
modulus of elasticity with respect to time. The transverse strain, however, was found to
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decrease with time and therefore Poisson’s ratio also decreased with time. The reduction 
in the transverse strain was due to the relaxation of the matrix of the composite material 
under creep loading.
3500
3000
2500
c  2000
'c5
1500(0§ 1000 
S  500
2QQQlooa 3000 4000-500
-1000
Time, hrs
Average
longitudinal
strain
Average
transverse
strain
Figure 3.13 Change in longitudinal and transverse strain with time for UD CFRP
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3.4. Concrete
The concrete mix design was based on the DoE (1975) method and had a target cube 
strength of 40 N/mm2. To determine the concrete strength for each beam, three cubes of 
100mm by 100mm by 100mm were made and tested from the same batch as the concrete 
used in each beam. In addition, the modulus of elasticity of the concrete was calculated 
from the stress-strain data of three cylinders of 250mm height and 100mm diameter 
tested in uniaxial compression using the same concrete mix design used for the concrete 
in the beams.
Due to the small quantities and dimensions of the concrete used in the advanced 
composite/concrete beams the aggregate size was restricted to 10mm. All curing of the 
concrete was performed under a thick polythene covering to prevent evaporation of 
moisture.
3.4.1. Mix Design
The cement used in the concrete was Ordinary Portland Cement. The mix proportions of 
cementxoarse aggregate:fine aggregate were 1:1.98:2.74, the size of the coarse 
aggregate was 10mm and the size of the fine aggregate no greater than 5mm. The free 
waterxement ratio was 0.5:1 to provide an adequate workability of the fresh concrete. 
The fine and coarse aggregate were batched with the required amount of water (using 
moisture uptake values of 1.8% and 3.6% for the fine and coarse aggregate respectively, 
based on tested values of the aggregate used at the University of Surrey) one day before 
mixing and pouring of the fresh concrete. The concrete mixer was wetted out prior to 
mixing of the aggregate and cement and the fresh concrete then poured into greased steel 
moulds. A vibrating table was used during pouring of the fresh concrete into the cube 
moulds, cylinder moulds and beams to ensure the void content of the concrete was as 
low as possible.
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3.4.2. Cube Tests
For each advanced composite/concrete beam a series of cube tests were carried out at 28 
days to check the quality of the concrete. The cubes were made and tested according to 
BS 1881: Parts 108 (1983) and 116 (1983) respectively. The load test used steel platens 
and a loading rate of 150 kN/minute. The failure mode of the concrete cubes was 
recorded to ensure the test results were relevant, specifically to ensure that failure was 
not due to tensile or splitting forces. The average compressive strength of three concrete 
cube tests for each beam are shown in Table 3.4.
Table 3.4 Concrete cube strengths
Beam no. Beam Type Average cube strength, N/mm2
SI Static test, 
indented
40.35
S2 Static test, 
hand-bonded
42.30
S3 Static test, 
hand-bonded
44.24
S4 Static test, 
bolted
41.83
S5 Static test, 
resin injection
51.88
S6 Static test, 
hand-bonded
41.8
S7 Static test, 
resin injection
50.83
S8 Static test, 
hand-bonded
43.27
Cl Creep test, 
hand-bonded
49.17
C2 Creep test, 
hand-bonded
48.75
C3 Creep test, 
hand-bonded
45.48
FI Fatigue test, 
hand-bonded
54.07
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The modulus of elasticity of the concrete was also calculated from testing three concrete 
cylinders. The diameter and depth of each cylinder was 100mm and 250mm 
respectively. Each cylinder was instrumented with three strain'gauges at equal spacings 
around the mid-height circumference. The cylinders were then tested in compression at 
a load rate of 150 kN/minute. To ensure flat loading surfaces a two-part fast-curing resin 
was spread across the loading surfaces and levelled by lowering of the test machine ram 
onto the loading platens.
The stress-strain curves for the three cylinders are shown in Figure 3.15. From these tests 
the compressive modulus of elasticity was calculated as 27.7 GPa, which was in 
agreement with a mean value of 28 GPa suggested by Kong and Evans (1987) based on 
a 40 N/mm2 concrete cube strength at 28 days.
1600
1400
1200
.E 1000 
2
800 
o
600
(0o
400
200
100 200 3000 400
Cylinder 1 
Cylinder 2 
Cylinder 3 
Average
< y
A
Load, kN
Figure 3.15 Compressive Stress-Strain Curves For Concrete Cylinders
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3.5. Advanced Composite/Concrete Bond Strength
3.5.1. Methods for Characterisation of Adhesive Bond Strength
Several methods have been used by previous researchers for the calculation of bond 
strength between two adherends bonded using epoxy adhesive. These can be separated 
into two basic methods, direct tensile pull-off tests and shear pull-off tests. Karbhari and 
Engineer (1996) describe a method of testing to find the bond strength between an FRP 
composite and concrete. This peel test uses a method whereby the angle of peel and peel 
rate can be varied as required. Thus, the apparatus can be oriented to perform a direct 
tensile pull-off test, a shear pull-off test, or a combination of the two. Another feature of 
the test Karbhari and Engineer described was that the interfacial fracture energy could 
be calculated from the test data. Quantrill (1996) outlined the test methods for direct 
tensile and shear pull-off tests and their relevant advantages and disadvantages. The 
direct tensile pull-off test was based on Part 207 of BS 1881 (1992) whereby the coupon 
is loaded such that the tensile force is perpendicular to the coupon/adhesive/concrete 
interface. In the shear pull-off test the coupon was pulled in the same plane as the 
adhesive bond, therefore ensuring failure due to shear stresses primarily. The failure 
mode of this test can be either failure of the adhesive or the adherends. The more useful 
and realistic test in terms of modelling the plate bonding situation used in Quantrill’s 
research was found to be the shear pull-off test. This was because the forces resisted by 
the bond in the CFRP plate bonded beams were similar to those experienced in the shear 
pull-off tests. The direct tensile pull-off test produced results that showed that all the 
adhesive types used were acceptable for bonding the UD CFRP plates to the concrete. 
However, when the shear pull-off test was used the weakness of one of the adhesives 
became apparent due to an unacceptably low shear strength.
For the advanced composite/concrete beam the majority of the stress present in the 
GFRP composite/concrete interface was due to shear. Therefore, to measure the strength 
of the bond between the advanced composite (specifically the +/-450 GFRP composite) 
and concrete a series of shear pull-off tests were carried out. The preparation of the 
surfaces consisted of grit-blasting the concrete and degreasing the GFRP composite 
surface with acetone. The composite coupon was then bonded to the concrete with an
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epoxy adhesive.
The set-up of the experiment is shown in Figure 3.16, with the dimensions of the 
concrete block, +/-45° GFRP composite coupon and contact area. Five tests were used 
to acquire an average bond shear strength value. The failure mode of all the tests was 
shear failure in the concrete surface immediately adjacent to the epoxy adhesive. Due to 
this failure mode, the bond shear strength was primarily dependent upon the strength and 
quality of the concrete near the surface of the concrete specimen. The shear failure load 
and shear failure strength for each test is shown in Table 3.5. The typical failure mode 
for the shear pull-off test is shown in Figure 3.17.
+/-450 GFRP Epoxy adhesive 
Composite bondline
coupon
Centreline2 mm
Tensile Load
Concrete
Steel plate constraini
125 mm
Figure 3.16 Apparatus for testing of GFRP composite:concrete bond strength
using an epoxy adhesive
Table 3.5 Bond Strength of composite/concrete interface
Test No. Failure load, kN Failure strength, MPa
1 7.6 2.43
2 7.2 2.30
3 8.3 2.66
4 7.1 2.27
5 7.1 2.27
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Figure 3.17 Photograph of Shear Pull-off Test Specimen
The average shear pull-off strength of the advanced composite/concrete bond using the 
3M 9323 A/B two-part epoxy adhesive was 2.39 N/mm , lower than was expected from 
previous tests by Quantrill (1996), which gave an average value of 6.4 N/mm . This 
difference was probably due to the lower strength of concrete used in the current study 
and variability of the surface of the concrete. However, once the shear force on the 
composite/concrete interface was calculated from the compressive forces to be 
transferred by the adhesive (Chapter 4), the relatively low pull-off strength was found to 
be more than adequate for the advanced composite/concrete beam flexural tests.
The material properties of the epoxy adhesive used in the shear pull-off tests once fully 
cured are shown in Table 3.6 from the manufacturer’s data. The shear strength of the 
epoxy adhesive is generally greater than the shear stress of the concrete. This supports 
the results from the shear pull-off tests which show that the failure mode was in the 
concrete surface.
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Table 3.6 3M - 9323 A/B Two-Part Epoxy Adhesive Overlap Shear Strength
Test
conditions,
+/-2°C
Cure cycle 1 (7 days at 
23 °C, under 100 kPa for 
first 24 hrs), MPa
Cure cycle 2 (24 hrs at
23 °C under 100 kPa 
and 60 mins. at 80
°C), MPa
Cure cycle 3 (60
mins. at 65 °C), 
MPa
-55 23.7 31.6 27.0
23 30.2 28.7 31.5
80 11.9 12.7 13.7
120 2.8 3.2 3.8
150 1.9 1.7 -
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4. Design Factors of Advanced Composite/Concrete 
Beam
The primary design considerations for the advanced composite/concrete beam are 
initially the same as for a conventional structural element. Therefore, the flexural 
strength, flexural rigidity, shear strength, shear rigidity and buckling capacity were 
investigated. However, because of the shape and the constituent materials that make up 
the beam, the ductility of the failure and the bond between the composite permanent 
shuttering and the concrete additionally need investigation. All of these design factors 
were of importance both in the short and long-term. The eventual form of the beam 
evolved from consideration of the above structural requirements and the manufacturing 
method. The manufacturing processes for the advanced composite material and the 
beams are described in greater detail in Chapter 5.
4.1. Development of Advanced Composite/Concrete Beam
Meier pioneered the idea of a composite/concrete beam and has described its analysis 
and theoretical behaviour, Meier et al (1992). The current investigation has modified 
Meier’s analysis in developing the unique beam manufactured from low temperature 
curing pre-preg and concrete materials.
To ensure the most efficient use of each of the materials’ properties, for example the 
high compressive strength of concrete and the high specific tensile strength and stiffness 
of the UD CFRP composite, these materials were required to be separated appropriately. 
To transfer the stresses between these two components, a connection with adequate 
shear properties was necessary. Two basic forms that satisfy these requirements are an 
I-shaped beam and a box-beam. However, a box-beam has superior torsional properties 
compared to an I-beam because of the geometric closed section. In addition, using the 
chosen manufacturing method of the vacuum bag moulding technique, discussed in 
Chapter 5, the fabrication process for the I-beam would have been difficult. Research by 
Gilchrist et al. (1996) investigated the mechanical performance of GFRP I-beams 
manufactured from separate components and showed that the join between the flange
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and web was of importance when using FRP’s. This was due to the risk of high void 
content and subsequent delamination in the flange/web join. The box-beam form does 
not suffer from this fabrication difficulty though. Other beam shapes that were 
considered are shown in Figure 4.1, however, each had disadvantages when compared 
with the box-beam.
The V-shape shown in Figure 4.1 was a variant of the box-beam shape, however, due to 
the slanted webs the buckling capacity of the structure was reduced. The I-beam shape 
shown in Figure 4.1 had very similar stiffness and strength properties to the box-beam, 
however, as previously mentioned, the open shape of the I-beam provided a much lower 
torsional rigidity than the box-beam shape.
A variety of methods to increase the buckling capacity were investigated using an FE 
eigenvalue analysis described in detail in Chapter 7. Figure 4.2 shows the different types 
of web construction that were used for the FE eigenvalue analyses.
Concrete
Advanced
composite
Advanced
composite
Box-beam V-beam I-beam
Figure 4.1 Possible configurations for the advanced composite/concrete beam
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composite 4 ^
a) Intennediate 
model
lange
Concrete
FRP
composite
b) Diamond-shape 
stiffener model
Concrete —
+/-450 GFRP 
composite
+/-45° GFRP composite 
interleaved with 0° 
CFRP composite
c) Full diaphragm 
model
+/-45°
G FR P'"*
composite l| ll1
Concrete
Vertical transverse 
stiffeners in web
+/-450 GFRP composite 
interleaved with 0° 
CFRP composite
d) Web diaphragm 
model
Horizontal transverse 
stiffener in web
e) Cellular web 
model
Sandwich
construction
f) Foam sandwich
model
+/-450 GFRP 
corrugated composite
+/-450 GFRP composite 
interleaved with 0° 
CFRP composite
g) Corrugated web model 
Figure 4.2 Methods of increasing buckling capacity of a single skin web
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The following sections discuss and quantify the flexural and shear strength and rigidity 
of the advanced composite/concrete beam. In addition, the buckling design and bond 
strength between the composite and concrete sections are discussed.
4.1.1. Flexural Strength Design Factors
The flexural strength of the advanced composite/concrete beam was dependent on two 
main factors; the strength of the constituent materials and the type of failure mode. 
These factors were dependent upon complete composite action between the concrete and 
composite permanent shuttering. Therefore, to maximise the flexural strength of the 
beam both of these factors were considered.
For the simply-supported box beam structure three strength properties were of primary 
importance. These were the compressive strength at the extreme surface of the concrete, 
the tensile strength of the flange and the shear strength of the webs between the 
compressive and tensile extremities. In order to develop the required tensile strength and 
a moderately high degree of stiffness in the lower flange, UD CFRP pre-preg tape was 
used in the longitudinal direction. In the manufacturing technique for the beams, layers 
of +/-45° GFRP pre-preg material were laid continuously from one of the vertical webs, 
across the lower flange, to the other web to provide fibre continuity at the bottom of the 
beam, as described in Chapter 5. Consequently, the +/-45° GFRP pre-preg composite 
provided some increase in the longitudinal tensile strength of the flange, but the strength 
component was derived mainly from the UD CFRP composite.
The type of failure mode of the advanced composite/concrete beam was dependent on 
the strains within the beam and the material strengths. To maximise the flexural strength, 
both the compressive and tensile sections should be designed to fail simultaneously.
‘i
However, because of the materials used in the beam, a compressive failure of the 
concrete produced a fesly brittl^failure mode than a tensile failure of the +/-45° GFRP/ 
UD CFRP hybrid composite tensile flange. This was due to the stress-strain 
characteristics of the concrete and advanced composite materials which were described 
in Chapter 3. Therefore, to ensure a degree of ductility in theioad*4eflection response it 
was preferential to design the beam to fail in compression rather than tension. >
Design Factors o f Advanced Composite/Concrete Beam 64
University o f  Surrey
4.1.2. Flexural Rigidity Design Factors
The flexural rigidity of the advanced composite/concrete beam was dependent on three 
factors; the moduli of elasticity in compression and tension of the constituent materials 
and the beam geometry.
Therefore, to maximise the flexural rigidity of the beam, the concrete section and the 
tensile flange were placed as far from each other as was possible. Using this 
arrangement, the high tensile modulus of the UD CFRP was utilised to its greatest effect. 
In addition, to avoid tensile failures in the concrete or compressive failures of the web it 
was preferable to situate the neutral axis at the depthof the concrete/composite interface. 
Furthermore, compressive strains in the web would affect the buckling capacity.
4.1.3. Shear Strength and Rigidity Design Factors
The shear strength of the advanced composite/concrete beam was dependent on the 
shear strength of the webs, assuming that the concrete section and tensile flange 
contributed negligible shear strength. Therefore, to maximise both the shear strength and 
rigidity of the beam a fibre orientation of +/-45° was chosen for the GFRP composite. A 
comparison of the shear and tensile stiffness of GFRP composite, dependent on the fibre 
orientation, is shown in Table 4.1.
Table 4.1 Dependency of GFRP Composite Shear and Tensile Properties on Fibre
Orientation
Fibre
Orientation UD +/-45° 0/90°
Tensile
Modulus,
GPa
45 11.03 22.76
Shear
Modulus,
GPa
5.5 9.65 3.45
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4.1.4. Buckling Design Factors
The other two design factors for the advanced composite/concrete beam were the 
buckling capacity (both global and local) and the composite/concrete bond. The closed 
form box-beam configuration maximised the lateral torsional, or global, buckling 
capacity of the advanced composite/concrete beam, which was also dependent on the 
depth/breadth ratio. Therefore, to ensure that the lateral torsional buckling capacity of 
the beam was sufficient a limiting factor of 3 was placed on the depth/breadth ratio of 
the duplex beam as described in Section 4.4. To optimise the buckling capacity of the 
webs, or the local buckling capacity, different configurations were investigated using a i 
finite element eigenvalue buckling analysis which is described in detail in Chapter 7.
From an initial numerical analysis it was shown that the most probable location for 
buckling to occur in the beam was in the webs. A number of methods were employed to 
increase the buckling capacity of a simple single skin web, shown in Figure 4.2. In 
general, these methods used additional stiffeners, geometric stiffening and sandwich 
construction to improve the buckling capacity. Figures 4.2a and 4.2b show similar 
methods of providing stiffeners within the void between the two webs. Figures 4.2c and 
4.2d show the use of diaphragms over the whole width of the beam void or smaller 
diaphragms used in conjunction with double skin webs respectively. Figure 4.2e shows 
a similar method, however, in this case the diaphragms are aligned longitudinally to 
create a cellular web. In Figure 4.2f a sandwich construction consisting of a core 
material with two web faces is shown. Figure 4.2g displays a method where the webs are 
corrugated longitudinally, thereby increasing the vertical buckling capacity. In addition, 
vertical diaphragms were located at the supports to improve the buckling capacity of the 
duplex beam. The use of diaphragms at the supports moved the buckling failure of the 
webs away from the supports with a corresponding increase in buckling capacity.
The comparative buckling capacity of each of these methods was analysed using 
buckling theory and an FE eigenvalue analysis. The most efficient method of improving 
the buckling capacijyfound from the FE analysis, in terms of amount of material, was 
that shown in Figure 4.2dv the web diaphragm model. However, due to the simplicity of 
manufacture, the sandwich construction method was used which still provided an
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Other methods of stiffening box-beams using internal diaphragms are described in Gan 
et al. (1999). However, the methods described in the paper, to increase buckling 
capacity, primarily focused on increasing the load at which the compressive flange of 
the box section buckled. These methods are not directly applicable to the advanced 
composite/concrete beam developed in the current study as the compressive section, or 
flange, is the concrete section which effectively negates the problem of compressive 
buckling.
4.1.5. Beam Geometry
The basic form of the beam was therefore a box-beam with a compressive flange 
consisting of a concrete section, a tensile flange consisting of UD CFRP composite 
interleaved between the +/-45° GFRP composite and composite sandwich webs. The 
sandwich construction consisted of a rigid foam core (Airex R63.80 PVC rigid foam) 
and +/-450 GFRP composite web faces which were continued into the compressive 
region to act as permanent shuttering for the concrete. This arrangement is shown in 
detail in Figure 4.3.
The main features of this section can be summarised as:
• The concrete section resists the compressive forces.
• The UD CFRP and +/-45° GFRP composite resist the tensile forces.
• The sandwich section of foam core/GFRP web face resist the shear and buckling 
forces.
• The continuation of the +/-45° GFRP composite provides a permanent shuttering for 
the concrete.
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Concrete
Foam core
compositematerial
UD CFRP composite 
interleaved between 
+/-450 GFRP ' 
composite layers
Figure 4.3 General shape of advanced composite/concrete beam
4.2. Flexural Strength and Rigidity Analysis
As the beam was constructed from a number of materials (concrete, GFRP and CFRP 
composite and foam), the calculation of the flexural rigidity of the beam was undertaken 
using simple beam bending theory with transformed properties. A detailed description 
and the derivation of the equations of this theory have been given in Timoshenko and 
Goodier (1988). In using this theory it was assumed that a perfect bond and perfect 
transfer of strain existed between the concrete and +/-450 GFRP composite permanent 
shuttering. This assumption was applied to the other material interfaces, between the 
GFRP composite and foam and the GFRP and CFRP composite. Using this analysis, the 
beam shape in Figure A.4 (Appendix A) and the notation described at the front of this 
thesis, the flexural rigidity, strength and the initial and final level of the neutral axis were 
calculated. The equations for the calculation of these properties are presented in 
Appendix A.
Equations A.1 to A.22 were input into a spreadsheet to allow a manageable calculation
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to determine the level of the neutral axis and flexural rigidity dependent on changes 
made to the beam dimensions.
The flexural strength of the advanced composite/concrete beam was calculated, 
dependent on the failure mode. The main failure modes were,
a) concrete crushing due to compression, in which case the concrete ultimate 
compressive strain must be greater than the UD CFRP and +/-450 GFRP composite
ultimate tensile strain, ^
V
p*
°  concrete
W c  Opiate ^iw ^foam  ^ow c^ frp )  cfrp
Eq. 4.1
Hence,
8*
— concrete +  t .  +  d *  +  t  +  t  V  )
y  va c ‘'plate l iw  ufoam  l ow  l cfrp>
E cfrp
b) tensile fracture of the hybrid composite flange, in which case,
<  con crete  Eq. 4.3
tp la te  ^iw d foam  ^ow c^ frp )  ^ c f r p
Hence,
^ concrete ,  , , x p1#, a a
y < — i  (dc + tpla(e + tiw+dfoam + tow+ tcfrp) ^ 44
E c/rp
For case a), concrete crushing due to compression, the flexural strength at failure was 
calculated based on the idealised concrete stress block described in BS 8110. However, 
the shape of the idealised concrete stress block was dependent on whether the neutral 
axis wasjbove or below the concrete/composite interface. The level of the neutral axis 
wasTassumyd to be at or close to the concrete/composite interface and the flexural ^  
strength was calculated based on equilibrium of forces. The flexural strain profile of the 
beam and the assumed concrete stress block are shown in Figures 4.4 and 4.5
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respectively.
^ concrete = 0.0035
Figure 4.4 Strain Profile at Midspan of the Advanced Composite/Concrete Beam
at Failure by Concrete Crushing
0.45fcu
parabolic
Figure 4.5 Stress Block Used For Concrete at Midspan of the Advanced
Composite/Concrete Beam
The flexural strength of the beam was calculated by using force equilibrium. The total 
compressive force that exists in the beam at failure,
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F *total F c o n c r e te  F fa c e  gfrp F 'foam
where,
concrete  Wc ■ [ dc • «
(4 + 4)
+  —   —
2 (0-45/ck -  CTc)j
F*face
°  con crete  ' E fa c e  * 3* *
17* _  o* . 17
5l/TP concrete ^ g frp
f -
^ iw  ’ Wfoam
y -4-*,
* p la te  *
,  tp[ate\
y  ~ d c ~  —  
-*
V J
c ''plate 2
-*
3>
yj
foam,
^ concrete  * ^ fo a m  ’ ^ fo a m  * 0 7 ^ c  Opiate ^iw)
2  ■ y
The total tensile force that exists in the beam at failure,
F to ta l ^ fa c e  ^ fo a m  ^ g frp  ^ c fr p
where,
•*
concrete  ’ &fa ce  
Tfa c e  ~~ - *
y
& iw  ’ ( d c  "h t p l a te h w  d fo a m  3^
o^w * tplate i^w ^foam o^w 3; ) 1
Eq. 4.5
Eq. 4.6
Eq. 4.7
Eq. 4.8
2
Eq. 4.9
Eq. 4.10
Eq. 4.11
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^ ^ Mlmy
_  £  concrete  ' E f o a m ’ w foam  , , - * v 2
F foam  ~  tp ia te  ^ foam  y  '
y
Eq. 4.12
Eq. 4.13
e *con crete  ’ Ecfrp ‘ t cfrp  ,  ^ x
F cfrp  =  ------------------------------------------ ‘ (W c +  2 ^ )
J  Eq. 4.14
\ d c  +  tp la te  +  t iw  +  d foam  +  ~ 2 + ~ - y  )
In the above equations, the only unknown w a ^ ) t h e  level of the neutral axis at failure 
due to concrete crushing), which^was found by equating the total tensile and 
compressive forces and solving for y ,
"* Eq. 4.15
F to ta l ~  F to ta l = > y
The ultimate flexural strength (in terms of ultimate moment of resistance) was then 
found by taking moments about a suitable datum, for example the tensile flange,
M u = ^ F y - ^ . y ’ Eq.4.16
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where,
• y  F f ace  • yface +  F f oam  ' yfoam ^ g f r p  ’ y g frp  E cfrp  ’ y cfrp
Eq. 4.17
^ c o n c r e te  y  concrete ^ 'fa ce  y  f a c e ^
Eq. 4.18
^ g f r p ■' y  gfrp *  F fo a m  ’ y  f 0fo a m
Similar calculations were used to derive the flexural strength of the second failure mode, 
case b), which was tensile fracture of the UD CFRP composite. A spreadsheet was used 
with the above equations to facilitate calculation of the failure modes and corresponding 
flexural strength of the advanced composite/concrete beam.
4.3. Shear Strength and Rigidity Analysis
The shear strength of the beam was calculated from the concrete, foam and web face 
ultimate shear strengths, assuming the majority of the shear force was resisted by those 
materials.
The maximum shear force,
j f  , = Ft + F*- + F l e<F 4,19* to ta l fa c e  x concrete x foam
where,
F fa ce  =  2  ' X* fa ce  ' (*iw +  fow) ' ( d c  +  1 p la te  +  * iw  +  d f o a n )  ^  ^
j f  — T* . 4*^
concrete  concrete u c c
i f  — 9 • T* • // • Vi) 4,^2
"foam  foam  ^foam  foam
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The shear rigidity of the beam was calculated from assuming the web face material was 
the only contributor to shear rigidity,
Q = 2 • Gface • dfoam ■ (tiw + tow) Efl-4-23
4.4. Buckling (Global and Local) Analysis
The buckling behaviour of the advanced composite/concrete beam was analysed as two 
separate types of buckling, global buckling (lateral torsional buckling) and local 
buckling (web buckling due to shear and direct load). The failure mode of lateral 
torsional buckling for a box beam is usually avoided by limiting the depth/breadth ratio j 
to approximately 3 ^ feierand TriantafiHoi ,^ 1992), ^
( d c  + tp la te  tj\v  d foam  ^ow c^ frp) ^  « Eq. 4.24
( w c +  2 t iw +  2 t o w )
The failure mode of local buckling, either due to web shear buckling or web buckling 
from direct compressive load, was approximated by using the analysis described by 
Iyengar (1988). The analysis allowed the calculation of the critical buckling load of 
general advanced composite webs with both varying laminate thickness and fibre 
orientation. Initially, the critical web shear buckling load for a single skin web with no 
core was calculated using the analysis by Timoshenko and Gere (1961). Using this 
analysis the average web shear buckling stress, x bw> was dependent on the transverse 
and longitudinal moduli of elasticity, the transverse and longitudinal Poisson’s ratios, 
the modulus of elasticity in shear and the depth and thickness of the webs.
4 K - 4J d l D3t
^iw tfrw)
for 0>1, or
* byv = 7 -------- -------- “ 5—  Eq. 4.25
i  d foam
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4 k - J d t h
for 0<1, where
( f iw ■ t  )  •l o w '
*2
afoam
E fa c e  * (* iw  + ^OW'
1 2  • ( 1
E fa c e  * ( t iw  + Y3tow>
1 2 ( l - ( i > i - \ ) r ) )
3
ir -  ~.(r> • n  + 11  . n  i + Gface t^iw +  tow* H -  2 (VL dt+vt £>i) + 6 . ( 1 _ (i) y  ))
Eq. 4.26
Eq. 4.27
Eq. 4.28
Eq. 4.29
Q _  *ID L ' ° T Eq. 4.30
H
and K is dependent on 0, shown in Table 4.2 from Timoshenko and Gere (1961). 
Table 4.2 Values of K dependent on the value 0
0 0 0.2 0.5 1 2 3 5 10
K 18.6 18.9 19.9 22.15 18.8 17.6 16.6 15.9
Therefore, the ultimate shear force at which web shear buckling occurs was,
V .  =  2 ( ' n v  +  t a w )  ■ d foam  ' 4 3 1
: .V U = 21 kN
The maximum direct buckling stress, using the analysis by Iyengar (1988) and assuming 
conservatively that the two unloaded sides of the web are clamped due to the continuity 
of GFRP composite, was
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Eq. 4.32
Therefore, the maximum direct compression load, using a support plate of 50mm length, 
was
From this approximate analysis it was clear that the direct compression buckling load 
rather than web shear buckling was the critical buckling factor.
To calculate the web buckling capacity for the sandwich web construction the FE 
method was used, which is described in Chapter 7. This allowed the combination of web 
shear buckling, direct buckling and possible large displacements to be fully modelled, 
which was not possible using a solely theoretical solution. In addition, the fixity at the 
ends of the web (at the concrete interface and the tensile flange) which have a significant 
influence on the buckling mode and capacity were neither simply-supported, free or 
clamped and therefore a theoretical solution could only be approximate.
The ductility of the advanced composite/concrete beam, or the non-linearity of the load- 
deflection response, was dependent on the properties of the constituent materials. Of 
these materials, the only one that had a large degree of non-linearity was the +/-450 
GFRP composite, due solely to the fibre orientation. The concrete had a smaller degree 
of non-linearity and the UD CFRP had an essentially linear stress-strain curve. These 
linear and non-linear properties of the materials were experimentally confirmed in 
Chapter 3.
F * c r  =  2(50 • ( t i w  +  t o w ) )  ■ o * cr Eq. 433
F*cr = 3.95kN
4.5. Ductility of Failure
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The bending moment and load at which the load-deflection response of the beam moves 
from linear to non-linear was calculated from the strain at which the +/-45° GFRP 
composite becomes non-linear (based on the coupon tests) and the strain of that material 
in the beam. At this level of strain in the flange, the displacement of the advanced 
composite/concrete was small and linear elastic theory was used. The critical strain 
where the +/-450 GFRP composite became non-linear was in the tensile flange, 
therefore, the bending moment at which this occurred is given by:
nonlinear
_ _ _ _ ______  zfrp ________  E q.4.34
M n o n lin ea r  t  , »  , ,  , .(a c + tpiate tjw + djroam + tow + tcjrp y)
As the strain level increased, the degree of non-linearity of the load-deflection response 
also increased. This was due to the greater amount of +/-450 GFRP composite in the non­
linear material stiffness range.
4.6. Bond Shear Strength
The other failure mode of the advanced composite/concrete beam of importance was 
shear failure of the bond between the concrete and +/-45° GFRP composite permanent 
shuttering. The failure load of this mode was dependent upon the method of bonding. In 
the current study, two basic methods of transferring stresses from the concrete to the +/ 
-45° GFRP composite were tested, steel bolts through the concrete and permanent 
shuttering (a mechanical bond) and bonding with an epoxy adhesive (a chemical bond). 
The methods of calculation of the failure load of these two types of bond are now 
described.
4.6.1. Bond Strength of the Concrete/Composite Interface Using 
Epoxy Adhesive
The shear strength of the concrete/GFRP composite interface was evaluated from the 
shear pull-off tests detailed in Chapter 3. The shear stress at the concrete/GFRP 
composite interface in the beam was calculated based on the assumption that the 
concrete/GFRP composite bond on each side of the concrete resisted the compressive 
force in the concrete, shown in Figure 4.6. The compressive force in the concrete would
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otherwise force the concrete section to slip against the +/-45° GFRP composite 
permanent shuttering.
Figure 4.6 Epoxy Adhesive Bond Between Concrete and Composite Sections
Force pushing 
out concrete 
section due 
compression
Force holding 
in concrete 
section due to 
bond stress
Therefore,
it1* — T* • / • rl 4.35r  concrete ~  t bond l bond a c
The moment or load at which this failure mode occurs was then calculated by 
substituting the value of F concrete int0 the flexural strength equations above and using 
the idealised concrete stress block from BS 8110.
4.6.2. Bond Strength of the Concrete/Composite Interface Using Bolts
The calculation of the failure load of the mechanical jointing method was dependent on 
a number of factors; the bearing strength of the +/-45° GFRP composite, the bearing 
strength of the concrete and the shear strength of the bolts. The stress level present in 
each of these materials was dependent on the bolt size and spacing. Therefore, an initial 
bolt size and spacing design was used and the relevant material strengths checked.
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The initial bolt size was 6mm with a centre to centre spacing of 150mm; Grade 8.8 steel 
bolts and nuts were used. The bolt arrangement utilised in the beam is shown in Figure 
4.7. Two methods of calculating the shear force on each bolt were used, the first assumed 
an average distribution of shear on all the bolts, whereas the second used a segmental 
approach to calculate the particular force on each bolt
150mm 150mm 
4-— ►
150mm 150mm
M -*
150mm - 150mm 
4 N4 »
150mm
Boll B
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|4— — ►
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Figure 4.7 Bolt Arrangement in the Advanced Composite/Concrete Beam
Method 1 (Assuming average distribution of shear on all bolts)
The force on each bolt,
j-fiverage  __ r  concrete  
^  b o lt “ nbo lt
The shear stress on each bolt was therefore,
Eq. 4.36
j-Kiverage 
.average  __ ^ b o l t
*bo lt
2 % ' r bo lt
The bearing stress on the concrete was therefore,
Eq. 4.37
w average  
.average  _  bo lt
concrete
Eq. 4.38
bo lt ™c
The bearing stress on the +/-45° GFRP composite permanent shuttering was therefore,
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p a v e ra g e
average  =   b o lt_ ---------  Eq. 4.39
gfrp 4 r, . (t. + t )
b o lt   ^ iw  l o w ’
Method 2 (Calculation of shear forces on individual bolts)
The concrete section was separated into sections midway between the bolts and the 
difference in the compressive force between each of the sections was equated to the 
relevant bolt force.
Fi , = P^  -  pt* Eq. 4.40a
x bolt concrete  x concrete
, = F* _  jf  Eq. 4.40b
x bo lt x concrete  x concrete
1 = ff -p*1 Eq. 4.40c
x b o lt x concrete  x concrete
p<! , = p4 - j f  Eq.4.40d
x b o lt x concrete  x concrete
pi. , = F* Eq. 4.40ex b o lt x concrete
The maximum bolt force was then used to calculate the bearing and shear stresses as in J  
Method 1.
4.7. Design of Advanced Composite/Concrete Beam Based on 
Ultimate Flexural Strength
To enable a comparison to be made of the duplex beam and a typical RC beam, the 
design of the former beam was based on the ultimate flexural strength of a RC beam. 
Using a span of 1.5m and a tensile steel reinforcement area of approximately 2.5% (a 
balanced section), the flexural strength of the RC beam was calculated. The width and 
depth of the RC beam were chosen as 79mm and 180mm respectively. Figure 4.8 shows
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the arrangement of the steel reinforcement in the RG beam using a cover depth of 10mm.
d = 160mm
79mm
10mm 10mm
Ac ~ 318mm‘
10mm
V  10mm
180mm
Figure 4.8 Singly Reinforced Balanced RC Beam Section
The ultimate moment of resistance of this RC beam section was calculated as,
Mu = ki'fcu'b'X'(d-(k2' x)) Eq. 4.41
where, 
k1= 0.395, 
k2 = 0.445, 
fcu = 40 N/mm2, 
b = 79 mm, 
d = 160 mm, 
x = 102 mm.
.*.Mm = [14.6 kNm f'V
Considering a span of 1.5m and using a four-point bending system with a 300mm 
constant bending moment section, the ultimate applied force was calculated as,
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to ta l Q .6
■■F,otai = 4*-7kN
To design the advanced composite/concrete beam to the same ultimate moment of 
resistance as the RC beam, a spreadsheet and an iterative procedure were used. This 
enabled all the dimensions of the materials in the beam to be determined according to 
equations A.1 to A.22 and 4.1 to 4.41 such that the following criteria were met:
• A similar ultimate moment of resistance as the RC beam,
• The level of the neutral axis approximately at the concrete/composite interface,
• The failure mode of the advanced composite/concrete beam was concrete crushing,
• The ratio of breadth to depth of the beam was acceptable with respect to lateral tor­
sional buckling,
• The thickness of the webs was sufficient to resist the shear forces and buckling at the 
calculated total applied load, Ftotal,
• A similar breadth and depth as the RC beam.
In addition, although not of primary importance, the total deflection due to both flexure 
and shear should be adequate, i.e. in the region of approximately span/150 to span/250.
From these criteria, the dimensions of the various materials in the beam and the beam 
itself were determined and are shown in Figure 4.9.
Design Factors o f Advanced Composite/Concrete Beam 82
University o f  Surrey
GFRP 
permanent 
shuttering
Sandwich webs 
of duplex beam
40mm
thickness of
1.8mm 115mm
Total 
thickness of 
inner faces = 
0.6mm
^  14mm
1.8mm
0.6mm
Total thickness 
of outer faces = 
1.5mm 
Total thickness of ^  
CFRP = 0.6mm
NOT TO SCALE
1.5mm 2mr&51mm Syfm  
O.omm 0.6mm
'3.6mm
12 m 1.5mm
Figure 4.9 Advanced Composite/Concrete Beam Cross-section
The manufacturing process of the advanced composite/concrete beam was also taken 
into consideration. This led to the manufacturing details such as chamfering of the foam 
core section at the tensile flange of the beam and the use of radii at all comers.
The strength and rigidity of the beam section in Figure 4.9, in both flexure and shear, are 
shown in Table 4.3 with the corresponding properties of the RC beam.
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Table 4.3 Properties of Advanced Composite/Concrete Beam
Property Advanced Composite/ Concrete Beam RC Beam
Flexural Strength, kNm 14.09 14.63
Shear Strength, kN 151.7 15.97 (minimum shear links)
Flexural Rigidity, kNm2 1.802 x 105 (short term) 7.72 x 105 (short term),
2.21 x 105 Gong term, 
assuming Ec = 8 GPa)
Shear Rigidity, kN 5.269 x 103 -
Ductility (Bending 
moment at which non- 
linearity starts), kNm
21.4, assuming enonlinear 
of the GFRP = 0.5%
Maximum Bond Shear 
Stress, N/mm2
2.39 -
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5. Manufacture of Advanced Composite/Concrete 
Beam
There are a number of manufacturing techniques available to the designer of advanced 
composite components and the choice is dependent upon the type of composite, form 
and quality required. For the advanced composite/concrete beam developed in the 
current study the primary requirements for the manufacturing procedure were;
• A manufacturing technique which could be applied by a semi-skilled operative from 
the construction industry.
• A low tool or mould cost.
• A temperature of cure that could be attained and maintained in a construction 
environment.
• A manufacturing technique that ensured repeatable and good quality components - 
although not as high grade as those required for the aerospace industry.
5.1. Methods of Advanced Composite Manufacture
The different methods of manufacturing advanced composite components for the civil 
engineering industry are described below; their particular advantages and disadvantages 
are also highlighted. A more detailed description of the manufacturing techniques can 
be found in Hollaway (1993).
• Vacuum Bag Moulding
This technique has been mainly developed for complex shapes and relatively large 
components manufactured using pre-preg composites. The tool and plant for this 
method are low cost and produce advanced composite sections of reasonable quality. In 
this process the advanced composite pre-preg is laid up on the tool and enveloped in a 
vacuum bag. The component is then cured under a vacuum of 1 atmosphere and at a 
temperature dependent on the eventual properties required. The cure temperature can 
range from a relatively high value (> 120 °C) to a low value (60 °C) dependent on the 
pre-pregs used. A diagram of the vacuum bag moulding technique is shown in Figure
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.Vacuum bag 
PRP composite 
Oven
Vacuum
outlet
ould/tool supportVacuum bag seal
Figure 5.1 System for Vacuum Bag Moulding Technique
• Autoclave Moulding
Autoclave moulding is similar to vacuum bag moulding, however, this method allows 
greater vacuum pressure and uses an autoclave, which is essentially a large heated and 
pressurised vessel. The vacuum is usually applied before curing to remove gaseous 
impurities without excessive resin flow occuring. The set-up for the autoclave moulding 
method is shown in Figure 5.2.
Due to the great pressure, this technique produces advanced composite components of a 
minimum void content, less than 0.5%. In addition, the laminate thickness can be 
controlled to a greater accuracy than with the vacuum bag technique. However, the 
initial equipment costs are great, making autoclave moulding more suitable for 
industries where high quality components are paramount, such as in the aerospace 
industry.
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Pressure (gas - air)
Autoclave
FRP composite .Vacuum bag
Vacuum bag sea
Mould/tool
Mould/tool support
Vacuum outlet
Figure 5.2 System for Autoclave Cure Method
• Press Moulding
This method is also known as compression moulding. The mould or tool consists of 
matched male and female sections with the gap between the two sections defining the 
shape and thickness of the composite component. The pre-preg fabric is either laid into 
the mould with no preliminary forming, or can be pre-formed to ease loading of the 
component into the tool. The tool is usually made from machined or cast steel, although 
other options are available such as glass fibre, electroformed nickel or sprayed metal 
tooling. Electricity, oil or steam heating are used to provide the heat source for curing of 
the composite.
Accurate and consistent dimensional tolerances are achieved in addition to the high 
quality of the composite component because of the accurate control of the cure cycle. 
The initial equipment cost is high and therefore this technique is more suitable for high 
volume production of composite components.
• Pressure Bag Moulding
This method of advanced composite manufacture is similar to vacuum bag moulding, 
however a positive pressure is applied against the pre-preg laid up on the tool, using a
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hot pressurised gas or liquid (Figure 5.3). A vacuum may also be used to improve 
compaction of the composite component. Pressure bag moulding is often used to 
manufacture simple sections such as tubes.
rubber bag inlet for hot pressurised gas or fluid
m \
Atmospheric 
vent or 
vacuum
FRP composite
Mould/tool
Figure 5.3 System for Pressure Bag Moulding Method
• Filament Winding
As the process name suggests, in this technique continuous fibres or tape are wound onto 
a rotating mandrel (Figure 5.4). To control the angle of the fibre direction to the mandrel 
axis a translating head is used. The resin is included in the process by either passing the 
fibres through a resin bath or drip feeding the resin onto the fibres. If tape is used in the 
winding process, then it can either be dry or a pre-impregnated tape can be used. The 
pressure to consolidate the composite component is applied through fibre tension as the 
fibres or tape are wound onto the rotating mandrel. Some example of products 
manufactured using this technique are pressure vessels, torque shafts and oil well lining 
tubes.
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Worm gear
Fibres
Resin bath (rive system
Rotating mandrel
Figure 5.4 System for Filament Winding Process
• Thermal Expansion Moulding
This method relies upon the coefficient of thermal expansion of different materials. To 
cure and form the composite component, the pre-preg is wrapped over rubber blocks and 
placed in a metal cavity. The whole assembly is then heated and due to the greater 
thermal expansion of the rubber the pre-preg is compressed against the more 
temperature stable metal. Very high pressures can be created using this technique and 
complex shaped components can be cured in a single cycle. The initial equipment cost 
is low and the process is simple.
• Pultrusion
This technique is often used to produce prismatic sections, such as channel or I-sections. 
Dry fibres of the required orientation are pulled through a resin bath and through a 
heated die (Figure 5.5). It is necessary to ensure that there are sufficient longitudinal 
fibres to provide the tensile force required to overcome the frictional forces in the die. 
When high fibre volume fractions are used the tensile force can be large. Although the 
initial equipment cost is high, the technique is used in long-term production of standard
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sections and therefore the cost of production of each component is low.
Saw
/ \  / \  / \  / \
\ /  \ /  y  \ /
Heated die PullerOven
Resin bath
Fibre Creel
Figure 5.5 System for Pultrusion Technique
• Sandwich Construction
For the manufacture of sandwich sections, a high stiffness face material and low density 
core material are often used. Two methods which are used to manufacture sandwich 
sections are now described.
a) Two Stage Cure
In this technique the separate faces are first cured, before completing the fabrication of 
the sandwich section, by either vacuum bag moulding or the autoclave method. The core 
material is then formed to its final shape and the cured face components are placed in 
position against the core and bonded using an adhesive film. The whole assembly is then 
cured under vacuum, by vacuum bag moulding or the autoclave method.
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Vacuum bag moulding of upper face
Vacuum bag moulding of cured faces 
with adhesive layer and core material
Vacuum bag moulding of lower fi
Coresection Completed sandwich section
Figure 5.6 Process for Two Stage Cure of a Sandwich Section Using the Vacuum
Bag Moulding Technique
b) Single Stage Cure
Single stage cure of a sandwich section is undertaken on one tool. The first pre-preg face 
is laid up, after which the core is placed against the pre-preg (with or without an adhesive 
film) and finally the second face is laid up on the core. The assembly is then cured by 
the vacuum bag moulding technique or the autoclave method. Curing the sandwich 
section in one stage reduces costs and time of fabrication, however, a reduction in the 
properties of the section can expected.
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^  Pressure (gas - air)
oitoclave
Vacuum bag system
Complete sandwich section
Vacuum outlet
Figure 5.7 Process for Single Stage Cure of a Sandwich Section 
Using the Autoclave Moulding Technique
Of the above possible processes for the manufacture of the composite component of the 
advanced composite/concrete beam, the vacuum bag moulding technique was chosen. 
The choice of this technique was based upon a number of important factors,
• Size
The relatively small size of the laboratory beam specimens (less than two metres) meant 
that the most convenient way to form and to cure the beam was by using the vacuum bag 
moulding technique.
For the civil engineering industry it is necessary to manufacture a good quality 
composite component, with a voidage content of less than 3%. Wu et al (1997) carried 
out research on the effect of voidage content on composite material properties and found 
voidage levels of up to 3% gave a negligible reduction in flexural properties of the 
composite. Howevere, the shear properties of the polymer composite were found to be 
dependent on the void ratio. The most economical method to achieve a void content of
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about 3% was by using the vacuum bag moulding technique.
• Form
The sandwich section webs in the advanced composite/concrete beam were most easily 
produced by either the vacuum bag moulding technique or the autoclave method in one 
or two stages of cure as described previously.
• Type of Advanced Composite
The low temperature curing pre-impregnated FRP, used in the current study, was 
suitable for the manufacture of a beam using the vacuum bag moulding technique. The 
relatively low temperature and pressure required for the manufacture of the advanced 
composite material utilised in the beam were also within the achievable limits of vacuum 
bag technology. The other methods of manufacture described above are more often used 
when either high temperature and pressure, or both, are required to produce a high 
quality advanced composite component.
5.2. Manufacturing and Curing Process of Advanced 
Composite/Concrete Beam
In order to fabricate the first advanced composite/concrete beam a MDF (medium 
density fibreboard) timber male tool with indents in the corresponding beam 
compressive region was manufactured. The MDF tool was made from separate MDF 
sheets, cut to size prior to bonding together with an epoxy adhesive (3M 9323 A/B). To 
ease the laying-up of the pre-preg material all the comers on the tool had a radius 5mm. 
A glass reinforced self-adhering PTFE film was applied to the surface of the tool for ease 
of demoulding of the composite. To ensure that no significant expansion or warping of 
the MDF tool took place during the curing procedure of the main advanced composite 
beam section the tool was heated to a temperature of 60 °C for 16 hours. On removal 
from the oven the tool showed no signs of damage.
The general procedure for the manufacture of the advanced composite/concrete beam is 
now described. Particular changes to the manufacturing process for the individual beams 
are described after the general manufacturing procedure.
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The advanced composite material was stored on sealed rolls in a freezer at a temperature 
of -20 °C. Prior to cutting up of the material, the rolls were removed from the freezer and 
allowed to thaw for at least 3 hours. The amount of pre-preg material for a single beam 
was then cut up and the rest of the composite on the roll resealed and placed back in the 
freezer. The advanced composite material was covered on one side with a paper material 
and on the other side with a thin plastic sheet. Prior to laying up of the material the plastic 
sheet was removed, the bare pre-preg face was rolled onto the tool and then the paper 
material on the other side removed.
The webs were formed as a sandwich section, with the inner and outer faces of the 
sandwich section consisting of layers of +/-450 GFRP composite1 and a core of foam2 
material. The +/-450 GFRP composite web faces were extended into the compressive 
region of the beam to form the permanent shuttering for the concrete. In addition, the 
web faces were continued in the tensile section to form the tensile flange with layers of 
UD CFRP3 composite interleaved between the +/-450 GFRP composite.
The first stage in fabrication of the advanced composite/concrete beam was laying up of 
the inner web face layers onto the MDF tool, with a layer of UD CFRP composite tape 
interleaved between the first GFRP composite layers. PTFE hand rollers were used on 
each layer of advanced composite to ensure accurate shaping of the pre-preg material 
around the tool. An adhesive film was then placed against the web portion of the inner 
GFRP composite and the foam core sections placed against the adhesive film. Two more 
adhesive films were then placed on the outer face of each foam core and the outer web 
face GFRP composite laid round the tool, interleaved with the final layers of UD CFRP 
tape. To minimise the void content and to aid the compaction of the advanced 
composite/concrete beam the tool and uncured beam were placed under vacuum for 5 
minutes every three layers of composite, a process called debulking. Prior to the 
debulking process, the pre-preg material was fully enveloped in a pin-prick film (to 
allow the escape of air voids in the laid up composite material), breather felt and vacuum
1. GFOIOO (390 g/m2 E glass 2 x 2  twill)/LTM 26 - 50% Vf.
2. Airex R63.80 PVC rigid foam.
3. HTA 12k 150 g/m2 LTM 26 - 68 g/m2 60% Vf.
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bag and a vacuum pressure of 1 atmosphere applied using a small vacuum pump. Curing 
of the advanced composite section was carried out in a similar manner as the debulking 
process, with the vacuum bagged tool and beam placed in an oven for 16 hours at 60 °C 
whilst still under vacuum. The GFRP composite plate and diaphragms were 
manufactured on separate tools and cured by the same process as that used for the 
advanced composite beam section. The plate was fabricated from six layers of +/-450 
GFRP composite and each layer compacted using hand rollers. Each end diaphragm was 
fabricated from ten layers of 0/90° GFRP composite and cured at the same time as the 
plate for 16 hours at 60 °C under a vacuum of 1 atmosphere.
After removal of the cured advanced composite beam section from the oven, the whole 
system was allowed to cool to 30 °C before the vacuum was released. Then the vacuum 
bag, breather felt and pin-prick material were also removed and the advanced composite 
section struck from the tool by using plastic wedges at the beam ends.
The concrete section (the mix design of which is described in Chapter 3) of the beam 
was formed using the advanced composite section as the shuttering. Dependent on the 
particular bonding mechanism to be used in each beam, a thin polythene sheet was used 
to separate the fresh concrete and composite shuttering. The concrete was allowed to 
cure for at least 14 days prior to its removal from the composite shuttering. The GFRP 
composite plate and diaphragms were then bonded to the main advanced composite 
section at the same time as the concrete section using a two part epoxy adhesive (3M 
9323 A/B). After a full cure period of 28 days for the concrete (which was covered in a 
thick polythene sheet throughout curing to retain moisture) the beam was tested.
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5.2.1. Individual Beam  M anufacturing Process 
Beam SI
The lay-up of the first beam (Figure 5.8) was carried out using the same method as that 
outlined in the previous section with the following modifications.
The manufacturing process took place over three days with two curing c The first
stage of the process is shown diagrammatically in Figure 5.9a in which two resin 
impregnated peel-plies were laid up on the mould in the concrete zone and a trim strip 
of GFRP was placed around the comers of the mould between the composite tensile and 
concrete compressive zones. This was followed by the lay-up of the three inner web 
GFRP plies, one uni-directional CFRP ply and a non-impregnated peel-ply. The GFRP 
was slit and patched at the location of the indents in the compression zone of the beam. 
The position of these indents are shown in Figure 5.8. The first ply and every third ply 
thereafter were debulked (in this process the beam is placed under vacuum only, with no 
increase in temperature, to ensure good compaction and to reduce voidage) in a vacuum 
bag to allow entrapped air to escape and to consolidate the laminate. The beam was then 
prepared for vacuum bag cure, using a consumable pack of dry peel ply, pin holed 
release film, breather felt and vacuum bag. It was essential to provide a loose fit vacuum 
bag to avoid bridging of the bag over any part of the beam. For the cure cycle the oven 
was raised at 20° C/hour up to a maximum of 60° C. Once the oven had reached 60° C 
the temperature was maintained for an 8 hour cure period.
For the second stage of the lay-up the beam and tool were removed from the oven and 
allowed to cool down to 30°C. The consumables were then removed from the beam, 
taking care not to pre-release the composite material from the tool. Any smooth areas on 
the beam were abraded and the entire surface thoroughly degreased whilst it remained 
on the tool. An adhesive film was placed on the sides of the beam at the location of the 
foam (Figure 5.9b), to enable the foam to be bonded to the GFRP webs. The pre-cut 
foam panels were then placed against the adhesive film, the bagging material was 
replaced around the beam and a vacuum was applied for 5 minutes to effect a good 
uniform contact and wet-out of the core material.
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Figure 5.8 Beam SI dimensions with indent detail
All the GFRP plies were templated as two pieces with the overlaps staggered and 
interchanged at each ply. The GFRP composite was slit and patched at the indents in the 
permanent shuttering sections (Figure 5.8). Table 5.1 shows the lay-up configuration for 
the various plies used in the first and second stages. The tool and beam were again 
enveloped in the same consumables pack as in the first stage and were placed in the oven 
under vacuum pressure. The dwell temperature was repeated at 60°C and the second 
stage cure was completed overnight with a duration of 16 hours.
Table 5.1 Lay-up of First and Second Stage Laminates For Beam SI
Step First stage Second stage
1 woven +/-45 GFRP 
trim strips
woven +/-45 GFRP
2 woven +/-450 GFRP UD CFRP
3 woven +/-450 GFRP woven +/-450 GFRP
4 UD CFRP woven +/-450 GFRP
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Table 5.1 Lay-up of First and Second Stage Laminates For Beam SI
Step First stage Second stage
5 woven +/-450 GFRP UD CFRP
6 woven +/-450 GFRP
7 woven +/-450 GFRP
8 UD CFRP
9 woven +/-450 GFRP
10 woven +/-450 GFRP
The final stage in the fabrication of the beam system was to mould the horizontal plate 
(which held the concrete in the beam) and the end diaphragms which were placed in the 
beam at the supports to prevent buckling of the webs. Both of these were cut out and 
moulded onto PTFE coated timber tools, separate from the main beam lay-up. The plate 
required 6 plies of glass fibre fabric, giving 1.8mm thickness, whereas the end 
diaphragms each had 10 plies, giving an overall thickness of 3mm. These were then 
cured in the oven during the second cure of the main tool. Finally the horizontal plate 
and end diaphragms were bonded into the main beam section using the 3M 9323 A/B 
epoxy adhesive.
The final beam dimensions are shown in Figure 5.10. The lower edge of the foam cores 
were chamfered for two reasons; firstly to enable laying up of the GFRP composite 
around a sharp comer without crimping it and secondly to ensure good compaction from 
the applied vacuum without crushing the core. The concrete was cured indoors for 28 
days under a thick polythene sheet.
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Figure 5.10 Beam SI Cross-section and Dimensions
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Beams S2-S7
The lay-up of beams S2-S7 was carried out using the same method as outlined in the 
previous section with the following modifications.
The advanced composite layers and foam core were laid up onto a different tool with no 
indents and cured under vacuum in a single stage (in a similar manner to that described 
previously under the heading of single stage cure of a sandwich section). Two layers of 
GFRP composite were used for the inner web face and five for the outer web face, but 
the number of layers of UD CFRP composite was not modified. Figure 5.11 shows the 
order of the advanced composite layers during fabrication of the beam. The exact lay-up 
steps used for the advanced composite section are detailed in Table 5.2.
+/-450 GFRP composite 
UD CFRP composite 
Foam core 
Adhesive film
Figure 5.11 Lay-up Order For Beams 2-6
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Table 5.2 Lay-up Procedure For Beams S2-S7
Step Comment
1 woven +/-450 GFRP
2 woven +/-450 GFRP
3 UD CFRP tape
4 adhesive film and foam 
cores
5 woven +/-450 GFRP
6 UD CFRP tape
7 woven +/-450 GFRP
8 UD CFRP tape
9 woven +/-450 GFRP
10 UD CFRP tape
11 woven+/-450 GFRP
12 woven +/-450 GFRP
To form the concrete section fresh concrete was poured into the shuttering formed by 
the GFRP composite. A thin polythene sheet was used to ease removal of the concrete 
after a cure period of approximately 14 days. Prior to bonding of the concrete section in 
the GFRP composite permanent shuttering, the concrete surface was grit-blasted to 
reveal the aggregate. The inner faces of the GFRP composite shuttering were roughened 
with emery paper and cleaned using acetone solvent. The two part epoxy adhesive (3M 
9323 A/B) was then mixed and pasted onto the concrete and composite surfaces at a 
thickness of l-2mm. The GFRP composite plate and end diaphragms were bonded in 
immediately before the concrete section, using the same surface preparation used for the 
GFRP composite shuttering. The concrete section was then placed into the permanent 
shuttering and the bonded surfaces clamped for 24 hours to ensure a consistent bond. 
Any excess adhesive was removed before it had cured. The beam was then ready for 
testing after a total cure period for the concrete of 28 days.
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In addition to these modifications, beam S4 used 6mm diameter bolts for the stress 
transfer mechanism between the concrete and GFRP composite shuttering. In this 
particular case the bolt holes were drilled (to a diameter of 7mm) into the permanent 
shuttering at centre to centre intervals of 150mm (shown in Figure 5.12) and then the 
bolts positioned through the holes. Washers were placed between the bolt head and 
shuttering and the nut and the shuttering. The fresh concrete was then poured into the 
GFRP shuttering, after both the GFRP plate and diaphragms were bonded to the main 
advanced composite section as described previously. The concrete was then cured at 
room temperature under a thick polythene sheet for 28 days and the bolts tightened using 
finger pressure.
60mm 150mm 150mm 150mm 150mm 150mm 150mm 150mm 150mm 150mm 150mm 60mm 
 H4- N« ►W ►W N«  ►N ►N------►H—  m - H
PLAN VIEW
Figure 5.12 Bolting Arrangement Used in Beam S4
Beam S5 used a resin injection technique to bond the concrete to the GFRP composite 
permanent shuttering. Steel shims of 1mm thickness were placed flush against the inner 
sides of the permanent shuttering. The fresh concrete was poured into the shuttering and 
after 14 days the steel shims removed, which formed a 1mm gap between the shuttering 
and concrete on each side. To inject the resin, two small pipes were placed at each end 
of the concrete section, one at each pre-formed gap. The injection arrangement is shown 
in Figure 5.13. Prior to injection, the upper sides and ends of the gaps were plugged with 
putty to stop the epoxy resin escaping. A proprietary epoxy resin, of lesser viscosity than 
that used for the manual method of bonding used in beams S2, S3, S6 and S7, was 
injected under pressure through the two small pipes shown in Figure 5.13. The epoxy 
resin was allowed to flow out of the other two pipes until a consistent bond was achieved
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between the concrete and permanent shuttering. The pipes were then plugged with putty 
and the epoxy resin allowed to cure.
Plugged edges of 1mm gap
Two Outlet Pipes Two Inlet Pipes
Injected Resin
Advanced Composite/ 
Concrete BeamResin" overflow
Figure 5.13 Resin Injection Arrangement For Beam S5
The other beams that were manufactured, C 1, C2 and C3 as creep test beams, Ela/b and 
E2a/b as environmental test beams and FI as a fatigue test beam, all used the manual 
bonding method that was employed in beams S2, S3, S6 and S7.
5.3. Void Content of Cured Advanced Composite/Concrete 
Beams
To ensure the quality of the advanced composite section was adequate, small specimens 
of the composite from the ends and the middle of the beams were checked for void 
content. The locations of the material taken from the beam after testing are shown in 
Figure 5.14. Using a computer automated imaging system, the void content of the 
advanced composite in the beams was found to vary between 0% and 5% voids. The first 
beam had a maximum void content of approximately 5%, whereas for subsequent beams 
the maximum void content was approximately 3%. The average void content was 
approximately 2% using the vacuum bag moulding technique for a single stage cure of 
a sandwich section. Consequently, the manufacturing process and quality of the 
advanced composite in the beams was found to be adequate.
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Figure 5.14 Location of samples for voidage analysis
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6. Flexural Beam Tests
Flexural tests were carried out in four-point bending on the duplex beams over a span of 
1.5m (Figure 6.1) with a shear span of 0.6m. This loading arrangement was used to 
investigate the flexural behaviour and the failure mode of the beam for static tests to 
failure, creep and fatigue tests and long-term tests under freeze/thaw cycling and warm, 
humid conditions. In addition, the presence or otherwise of composite action between 
the composite and concrete sections was determined from the static tests.
Loading points
0.6m 0.6m
Advanced composite/concrete beam
Supports
1.5m
Figure 6.1 Elevation of Advanced Composite/Concrete Beam Loading 
Arrangement Over 1.5m Span
The static beam tests to failure consisted of a series of increasing loading loops prior to 
eventual failure of the beams. The long-term creep tests were carried out under a 
constant load in a temperature controlled environment of 22.5 °C +/-0.5 °C. Once the 
creep beam registered no further creep it was unloaded and statically tested to failure 
using the procedure described above. The fatigue beam test was carried out for 10 
million cycles, after which the beam was statically tested to failure in the manner 
described above.
In addition to the flexural testing of the 1.5m span beams, two sets of environmental 
exposure tests were undertaken on beams over a 0.75m total span. A shorter span was 
used for the environmental beam tests due to the dimensions of the environment
Flexural Beam Tests 105
University of Surrey
chambers into which the beams were placed. After a period of exposure in the particular 
environment (freeze/thaw cycling or warm, humid conditions) the beams were removed 
from the relevant chambers and were then loaded in cycles to failure under a three-point 
bending system, shown in Figure 6.2.
Loading point
0.375m 0.375m
Advanced composite/concrete beam
Supports
0.75m
Figure 6.2 Elevation of Advanced Composite/Concrete Beam Loading 
Arrangement Over 0.75m Span
The flexural tests undertaken in this study were used to compare the experimental 
behaviour of the advanced composite/concrete (or duplex) beams with that predicted 
from the linear elastic theory described in Chapter 4. In addition, the departure of the 
experimental results from those predicted by the linear theory, expected due to the non­
linear properties of both the GFRP composite and concrete, were investigated and 
modelled using the FE model and analysis described in Chapter 7.
The environmental exposure tests (freeze/thaw cycling and warm, humid conditions) 
undertaken on four beams were used to provide data on the durability and resistance to 
some of the environments to which the duplex beams might ultimately be exposed. This 
included not only the effect of the environmental exposure on the individual material 
properties but also the effect on the bond between the advanced composite and concrete 
sections in the duplex beams and hence the level of composite action. The particular 
loading cycles, instrumentation and experimental results for each beam are now 
discussed in separate sections.
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6.1. Static Tests to Failure
Seven static tests to failure were carried out in four-point bending to determine a reliable 
flexural strength and load-deflection behaviour for the duplex beams under the loading 
arrangement shown in Figure 6.1. The methods of shear transfer between the concrete 
and composite permanent shuttering, outlined in Chapter 5, were also investigated using 
this test technique. The load cycles and instrumentation were generally the same in all 
the beam tests, although the instrumentation, which is detailed in Section 6.1.1.1., for 
the second to seventh beams was changed after analysis of the first beam test results. As 
a rule the static tests were recorded on video to study the failure mechanism of the 
beams. A photograph of the advanced composite/concrete beam in place on the frame 
with the load spreading beam is shown in Figure 6.3.
Figure 6.3 Advanced Composite/Concrete Beam in Static Testing Frame
6.1.1. Beam SI
Beam SI used indents as the shear transfer mechanism between the concrete and GFRP 
composite permanent shuttering. Ten layers of +/-450 GFRP composite and four layers 
of UD CFRP composite were used in the manufacture of this beam, as discussed in 
Chapter 5. The instrumentation and experimental results of this beam are now described.
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6.I.I.I. Instrumentation of Beam SI
Beam SI was instrumented differently to the subsequent short-term beam tests. Both 
electrical resistance strain gauges and demec pips were used to provide strain data 
during the static test, shown in Figure 6.4. In addition, a linearly variable displacement 
transducer (LVDT) was used at midspan to obtain the deflection of the beam under load.
ledge for LVDT at midspan
rosette 4 osette 2
65mm osette 3
rosette
25mm
FRONT
ELEVA33QN
Position of electrical 
resistance strain gauges
Note : AH electrical 
resistance strain gauges 
are of 8mm length
Loading point 150mm i
rosette 1 rosette 5 Demec pip:
185mm ■ 185mm 330mm
50mm
SIDE ELEVATION
I
ET
CentrelinePLAN VIEW
Figure 6.4 Instrumentation of Beam SI For Strain Data Recording
The load was applied by using a jack connected to a hydraulic hand pump and a load 
spreading beam to separate the load to the two loading points for four-point bending. 
Two steel plates were bonded onto the concrete surface using ‘chemical metal’, one of 
which was a flat plate and the other a scallop plate to provide stability of the duplex 
beam. Two steel plates were bonded at the supports of the beam using the ‘chemical 
metal’, which in turn rested on steel rollers; one of the support plates was flat and the 
other a scallop plate, again to provide stability. Therefore, the support conditions were 
simply supported at one end and simply supported with freedom of longitudinal 
movement at the other end. This support arrangement prevented the development of 
lateral forces at the supports. The load was monitored using a 100 kN load cell, placed
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between the loading beam and jack. The load cell was connected to a Schlumberger SI 
353 ID Data Acquisition System. The Schlumberger datalogger was linked to a 
computer and the load recorded in a data file. To record strain at the positions indicated 
in Figure 6.3 electrical resistance strain gauges (gauge length 8mm) and rosettes or 
demec gauges (gauge length 100mm) were used. The strains measured by the electrical 
resistance strain gauges and rosettes and the deflection from the LVDTs were also 
recorded concurrently with the load using the Schlumberger datalogger and then saved 
to a computer data file. Temperature was monitored using a type ‘T’ thermocouple and 
variation was minimal (typically less than 0.1 °C) as the test was over a short time 
period, however, a dummy strain gauge was used to compensate for any effect of 
temperature fluctuations on the strain data. Manual strain readings were taken at each 
load interval using the demec pips and gauges, but only up to a safe level of load. ,
6.1.1.2. Results and Failure Mode of Beam SI
Two load cycles were used for the first beam, the first of which was to a total load of 40 
kN at intervals of 2 kN, the second of which was to failure at approximately 50 kN at 
intervals of 2 kN.
During the first cycle of loading the +/-450 GFRP composite permanent shuttering with 
indents buckled outwards locally, away from the concrete, due to the compressive strain 
in the composite at this location, at a load of approximately 27 kN. However, the indents 
away from the central part of the beam continued to provide a mechanical bond with the 
concrete as the beam continued carrying load up to the end of the first load cycle of 40 
kN with no significant reduction in flexural rigidity. On removal of the load a permanent 
deflection of approximately 1mm was present. The second load cycle was then applied 
to the beam resulting in an apparently simultaneous bending compression failure of the 
concrete in the constant bending moment region and compressive failure in the web 
faces at a load of 48 kN. The longitudinal compressive strain in the concrete at the top 
of the beam was near the ultimate compressive strain of concrete (3500 p£), whereas the 
strain in the lower part of the GFRP web faces was lower than the ultimate GFRP 
longitudinal strain as given by the coupon tests. Therefore, it was(assmneclyhat the  ^
compressive failure of the concrete and subsequent catastrophic reduction in strength 
and rigidity of the beam caused the compressive failure of the web faces. The typical j
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concrete crushing failure mode of the beams is shown in the photograph in Figure 6.5.
Figure 6.5 Concrete Crushing Failure of Advanced Composite/Concrete Beam
The experimental load-deflection behaviour was compared with that obtained from the 
theoretical flexural rigidity calculation developed in Chapter 5. The experimental and 
theoretical load-deflection behaviours of beam SI are shown in Figure 6.6. The 
theoretical calculation of load-deflection behaviour utilised the linear material 
properties experimentally characterised in Chapter 3. In addition, the linear bending 
theory assumed that a perfect bond existed between the concrete and GFRP composite 
shuttering. Therefore, any significant difference between the experimental and 
theoretical load-deflection behaviours was attributed to the level of composite action 
present, with consideration of the beam response under load. The difference between the 
experimental and theoretical load-deflection responses, shown in Figure 6.6, was a 
maximum of 12% at a load of approximately 30 kN. After approximately 30 kN the 
experimental load-deflection response became significantly non-linear due to the strain 
levels in the +/-450 GFRP composite; the commencement of the non-linear strain region 
agreed with that observed in the tensile coupon test results. The load at which non-linear 
load-deflection behaviour started was calculated as 21 kN using equation 4.34 in 
Chapter 4, which compared well with that observed from the experimental load- 
deflection response. The longitudinal strain at which the +/-450 GFRP composite
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became non-linear was assumed to be 0.5% microstrain from the material 
characterisation carried out in Chapter 3. The change in flexural rigidity with load is 
plotted in Figure 6.7 for both the experimental load loops and that derived from linear 
theory.
50
45
Second load cycle
First load cyclez
■D«O—I
100 5 15 20
Experimental
■Theoretical
analysis
Deflection, mm
Figure 6.6 Theoretical and Experimental Load-deflection Behaviour of Beam SI
First load cycle
'5> 200
Second load cycle
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Load, kN
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Figure 6.7 Change in Flexural Rigidity With Load For Beam SI
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The demec strain readings that were manually recorded provided the data that was used 
to determine the longitudinal strain profile in the beam at midspan (Figure 6.8) and the 
depth of the neutral axis (Figure 6.9). Manual demec readings were only taken up to a 
load of 27 kN due to the separation of the GFRP composite shuttering from the concrete 
and the possibility of an unpredictable failure. The experimental and theoretical strain 
profiles in the beam at 10 kN and 20 kN, shown in Figure 6.8, were both linear and 
compared well. The experimental depth of themeutral axi^, shown in Figure 6.9, was - 
roughly equal to the theoretical value, although as the load increased to approximately 
25 kN the depth of the neutral axis also increased. The depth of the neutral axis was not 
only dependent on the material properties and the beam dimensions, but also on the 
degree of composite action between the concrete and GFRP composite permanent 
shuttering. A low degree of composite action would cause the depth of the neutral axis 
to increase significantly. The maximum difference between the theoretical and 
experimental depth of the neutral axis over the whole depth of the beam was 5%, up to 
a load of 27 kN, which indicated that a high degree of composite action was present. No 
demec readings were taken above 27 kN and therefore the experimental depth of the 
neutral axis was not calculated above this load.
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Microstrain (compression is -ve)
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Figure 6.8 Longitudinal Strain Profile at Midspan of Beam SI
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Figure 6.9 Change in Depth of Neutral Axis With Load For Beam SI
The change in strain along the concrete surface of the beam is shown in Figure 6.10. The 
experimental strain data values near the loading points of the beam were generally 
greater than the theoretical values by 10-20%. This was due to the additional 
longitudinal strain from the Poisson’s ratio effect of the direct load at the loading points.
—o -  Experimental (10 kN) 
— Experimental (20 kN) 
A Experimental (30 kN) 
-K - Theoretical (10 kN)
—x -  Theoretical (20 kN) 
-o - Theoretical (30 kN)
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Distance along the beam, mm
Figure 6.10 Change in Longitudinal Strain on Surface of Concrete For Beam SI
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The strain rosettes, the locations of which are shown in Figure 6.3, were used to give an 
indication of buckling of the webs. The principal strains, shown in Figure 6.11 for 
rosettes 1-5, increased smoothly with the load signifying that no buckling was occurring. 
However, the principal strain direction shown in Figure 6.12 for rosettes 1 and 4 on the 
outer web faces exhibited a sudden change at approximately 30 kN. This was due to the 
separation of the shuttering from the concrete immediately above the outer webs. 
Therefore, from the rosette strain data it was assumed that no buckling of the webs 
occurred during the beam test.
3000
2000  - -
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-1000 --
o -2000 --
-3000 --
-4000
Load, kN
R o se tte l (e1) 
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R osette3  (e1 ) 
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R osette4  (e1 ) 
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el and e2 are the maximum and minimum 
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Figure 6.11 Change in Principal Strain of Rosettes 1-4 With Load For Beam SI
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Figure 6.12 Change in Orientation of Principal Strain With Load For Beam SI
6.1.2. Beams S2-S7
A detailed description of the bonding mechanism used for each beam is given in Chapter 
5. Beams S2 to S7 were manufactured using seven layers of +/-450 GFRP composite and 
four layers of UD CFRP composite. The reason for reducing the number of layers of the 
+/-450 GFRP composite in the beam was due to further analysis of the buckling capacity 
of the webs using the FE model discussed in detail in Chapter 7. The flexural rigidity of 
beams S2 to S7 were therefore not directly comparable to that of beam SI. The bonding 
technique used for each beam is summarised below.
Beam S2 used a manual technique to adhesively bond the concrete section to the 
composite shuttering with an epoxy resin. A manufacturing detail consisting of a GFRP 
S-strip was also used which is discussed in Section 5.2.1.
Beams S3, S6 and S7 again used the manual technique to bond the concrete section to 
the composite shuttering but without the manufacturing detail used in beam S2. These 
three beams were used to obtain a reliable failure load and flexural response for the
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advanced composite/concrete beam.
Beam S4 used bolts through the GFRP composite permanent shuttering and concrete 
section to enable composite action between the two components. It was considered that 
this technique would be representative of a beam and slab situation where there would 
be reinforcement present in the slab.
Beam S5 used an epoxy resin injection technique that could be used in construction to 
effect composite action between the concrete and composite sections.
A summary of the bond method used between the permanent shuttering and the concrete 
for all the static beam tests is provided in Table 6.1.
Table 6.1 Bond Mechanism Used For The Advanced Composite/Concrete Beams
Beam
Number Bond Mechanism
SI Indents in the 
permanent shuttering
S2 Manual adhesive bond
S3 Manual adhesive bond
S4 Bolts through the 
concrete and 
permanent shuttering
S5 Injected adhesive 
bond
S6 Manual adhesive bond
S7 Manual adhesive bond
6.I.2.I. Instrumentation of Beams S2 to S7
For beams S2 to S7 only electrical resistance strain gauges were used to acquire strain 
information, the locations of which are shown in Figure 6.13. It was considered safer to 
replace the demec pips with electrical resistance strain gauges, which also allowed 
continuous monitoring of the strains in the beam up to failure. The load and deflection 
data were gathered in a similar manner to that used in beam SI. Strain rosettes were used
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in beam S2 but, after the testing of this beam and subsequent data analysis, it became 
apparent that no buckling of the webs occurred and the rosettes were omitted in beams 
S3 to S7.
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Figure 6.13 Strain Gauge Instrumentation For Beams S2 to S7
6.1.2.2. Results and Failure Modes of Beams S2 to S7
Five load cycles were used for beams S2 to S7; 10 kN, 16 kN, 25 kN, 32 kN and failure. 
In each cycle the load was applied, using a hydraulic hand pump, in increments of 2 kN. 
At each increment the load, strain and deflection data was gathered using the 
Schlumberger datalogger and transferred to a computer data file.
6.I.2.2.I. Beam S2
The failure of beam S2 occurred at a load of 30 kN, during the fourth load cycle, due to 
a manufacturing detail. The GFRP S-strips used in the manufacture of beam S2 
delaminated from the +/-450 GFRP composite permanent shuttering at a load of 30 kN. 
Therefore, after the delamination, the concrete section had no contact with the composite 
section and the test was terminated. Visual examination of the beam after failure
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confirmed that the concrete section was still bonded to the GFRP S-strips and that, other 
than the GFRP composite delamination, the beam was undamaged. The experimental 
load-deflection behaviour of the beam, shown in Figure 6.14 along with the theoretical 
load-deflection behaviour, became non-linear at a low load of approximately 5 kN. The 
experimental load-deflection behaviour was underestimated by approximately 20% at a 
load of 30 kN using the theory described in Chapter 4. This difference between 
experimental and theoretical results was greater than that observed for beam SI and was 
partly due to the progressive delamination of the GFRP S-strips, which reduced the 
degree of composite action between the concrete and composite shuttering.
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Figure 6.14 Theoretical and Experimental Load-deflection 
Behaviour For Beam S2
The change in strain at the surface of the concrete and the tensile flange, from 
experiment and theory, are shown in Figures 6.15 and 6.16 respectively. The theoretical 
strain generally overestimated the experimental strain by 5-15% dependent on the load 
level.
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Figure 6.15 Change in Concrete Surface Strain With Load For Beam S2
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Figure 6.16 Change in Tensile Flange Strain With Load For Beam S2
The change in the depth of the neutral axis with load is shown in Figure 6.17. The 
constant depth of the neutral axis up to failure implied a sudden failure of the beam,
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which was observed during the test.
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Figure 6.17 Change in Depth of the Neutral Axis With Load For Beam S2
To summarise, the results of the static flexural test of beam S2 showed that a premature 
failure of the advanced composite/concrete beam had occurred. This was due to a 
manufacturing detail and not the ultimate failure of the concrete, webs or tensile flange. 
Therefore, to investigate the ultimate failure mode of the advanced composite/concrete 
beam using the hand-bonded technique an additional beam (beam S3) was manufactured 
with the same dimensions as beam S2. However, the GFRP S-strips that caused 
delamination and premature failure of the beam were omitted in beam S3.
6.1.2.2.2 Beam S3
Five loading cycles were used for beam S3 as described previously. Failure of the beam 
occurred by crushing of the concrete and compressive failure of the webs at a load of 51 
kN. Due to the high strain in the concrete it was probable that the crushing of the 
concrete occurred first. The sudden reduction in flexural strength and rigidity from the 
concrete failure then caused the compressive failure of the webs, the tensile flange being 
left intact.
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The theoretical and experimental load-deflection behaviours of beam S3 are shown in 
Figure 6.18. The experimental load-deflection behaviour was essentially linear up to a 
load of approximately 25 kN. Beyond 25 kN the non-linear stress-strain response of the 
+/-450 GFRP composite and the concrete caused non-linear load-deflection behaviour 
of the advanced composite/concrete beam. The maximum difference between the 
theoretical and experimental load-deflection behaviour was 15% at a load of 51 kN 
when failure occurred. This was due to the theoretical model assuming linear behaviour 
for all the constituent materials of the beam.
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Figure 6.18 Theoretical and Experimental Load-deflection 
Behaviour For Beam S3
The concrete surface strain and tensile flange strain were recorded from the strain 
gauges and are shown in Figures 6.19 and 6.20 respectively. The concrete load-strain 
response became non-linear at approximately 25 kN with the concrete failing in 
compression at a final recorded strain of 4275 microstrain and load of 51 kN. This was 
slightly higher than the assumed concrete ultimate strain in compression of 3500 
microstrain, although the rate of increase in the concrete strain with load was much 
greater between 48 kN and failure at 51 kN. The maximum difference between the
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theoretical and experimental concrete surface strain was 50% at 51 kN which was 
mainly due to the highly non-linear concrete stress-strain response near failure. In the 
linear region, below 25 kN, the theoretical results modelled the experimental results 
within 5%.
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Figure 6.19 Change in Concrete Surface Strain With Load For Beam S3
The change in the tensile flange strain with load, shown in Figure 6.20, was not as 
severely non-linear as the concrete surface strain-load response. This was due to the 
presence of the UD CFRP in the hybrid composite tensile flange which has an essentially 
linear stress-strain behaviour to failure. The accuracy of the theoretical model in 
comparison with the experimental results was within 13% at the failure load of 51 kN. 
Visual examination of the tensile flange, after failure of the advanced composite/ 
concrete beam, showed that it was still intact. The maximum strain measured on the 
tensile flange, approximately 1.3%, was less than the tensile failure strains of both the 
UD CFRP and +/-450 GFRP composite and therefore verified the visual examination.
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Figure 6.20 Change in Tensile Flange Strain With Load For Beam S3
Figure 6.21 shows the change in depth of the neutral axis with load for beam S3. The 
depth of the neutral axis at low loads (less than 25 kN) was approximately 40mm, which 
was at the concrete/composite plate interface. However, nearer the failure load the depth 
of the neutral axis gradually increased to almost 50mm just prior to failure. The increase 
in depth of the neutral axis indicated that the concrete and +/-450 GFRP composite 
sections effectively had a lower stiffness as the longitudinal strain in those two materials 
increased.
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Figure 6.21 Change in Depth of Neutral Axis With Load For Beam S3
Observation of the failure mode indicated that the bond between the concrete and 
composite permanent shuttering did not fail. Therefore, the hand-bonding method using 
an epoxy resin was shown to be adequate for ensuring composite action between the 
concrete and permanent shuttering.
6.1.2.2.3 Beam S4
Similar to beam S3, beam S4 was loaded in five cycles up to a failure load of 42 kN. The 
failure mode was shear failure of the concrete at the bolt positions followed by a 
compressive failure of the web as observed in previous beams. Prior to failure of the 
beam, transverse cracks in the concrete were present above the bolt locations, due to 
stress concentration, which reduced the strength of the concrete section. Figure 6.22 
shows the location of the concrete cracks in comparison with the bolt locations.
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Figure 6.22 Location of Cracks in Concrete in Relation to Bolt 
Positions For Beam S4
The load-deflection behaviour of beam S4 is shown in Figure 6.23. The difference 
between the theoretical and experimental deflections was significant, at the failure load 
the theoretical model underestimated the experimental deflection by 31%. One reason 
for this was the low degree of composite action obtained by using bolts as the bonding 
mechanism between the concrete and composite shuttering. The depth of the neutral axis 
of approximately 50mm, shown in Figure 6.24, confirmed that either the concrete had a 
low stiffness (possibly due to the presence of the bolts) or the bolts conferred a low 
degree of composite action.
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Figure 6.23 Theoretical and Experimental Load-deflection 
Behaviour For Beam S4
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Figure 6.24 Change in Depth of Neutral Axis With Load For Beam S4
The change in the concrete surface strain and tensile flange strain are shown in Figures 
6.25 and 6.26 respectively. The maximum concrete strain of approximately 2700 
microstrain for beam S4 was far lower than that recorded for the previous beam S3 (4275 
microstrain). Therefore, it was assumed that the inclusion of bolts in the concrete section 
caused a reduction in the strength and stiffness of the concrete. The theoretical 
prediction of the experimental concrete surface strain was accurate to within 7% up to a 
load of 25 kN after which the change in experimental strain with load became 
increasingly non-linear. The theoretical concrete strain underestimated the experimental 
value by 11.5% at the failure load of 42 kN. The difference between the experimental 
and theoretical results can be explained by the following reasons:
• The bolts in the concrete reduced the compressive strength and stiffness of the con­
crete section due to stress concentrations and cracks in the vicinity of the bolts.
• The bolts provided a poor degree of composite action between the concrete and 
GFRP composite permanent shuttering. This could be due to slip between the con­
crete and bolts or local crushing of the concrete next to the bolts due to a bearing 
failure.
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Figure 6.25 Change in Concrete Surface Strain With Load For Beam S4
The experimental tensile flange strain, shown in Figure 6.26, was also underestimated 
by the theoretical model even at low loads. The difference between the theoretical and 
experimental tensile flange strain at the failure load of 42 kN was 16%. This confirmed 
the previous assumption that the degree of composite action conferred by the use of bolts 
was low.
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6.1.2.2.4 Beam S5
Beam S5 was tested in five load cycles similar to those used with beams S3 and S4 and 
used the resin injection system described in Chapter 5 for the bonding mechanism 
between the concrete and permanent shuttering. The failure mode for beam S5 was 
similar to that for beam S3, i.e. crushing failure of the concrete, at a load of 52 kN, 
immediately followed by a compressive failure of the webs with the tensile flange still 
intact.
The load-deflection behaviour, from both the theoretical model and the experiment, is 
shown in Figure 6.27. The flexural rigidity of beam S5 was greater than that of beam S3 
by approximately 9%. The experimental deflection was generally 10-15% greater than 
that predicted by the theoretical model.
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Figure 6.27 Theoretical and Experimental Load-deflection 
Behaviour For Beam S5
The change in the concrete surface strain and tensile flange strain with load for beam S5 
are shown in Figures 6.28 and 6.29 respectively.
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Figure 6.29 Change in Tensile Flange Strain With Load For Beam S5
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The theoretical and experimental concrete surface strain compared well (within 10% of 
each other) in the linear region, up to approximately 25 kN, after which the significant 
non-linear experimental behaviour of the concrete and the +/-450 GFRP composite 
reduced the accuracy of the theoretical model. At 48 kN, just prior to failure of the 
concrete, the theoretical model underestimated the experimental concrete surface strain 
by 20%. A comparison of the theoretical and experimental tensile flange strains 
exhibited a similar relation to that for the concrete surface strains, but with a lower 
degree of non-linearity in the experimental results. This was due to the presence of the 
CFRP composite in the flange which had a linear tensile response to failure. In addition, 
the lower ratio of measured strain to failure strain in the +/-450 GFRP composite in the 
flange, compared to that at the concrete surface, also reduced the non-linearity of the 
flange strain response.
The change in the depth of the neutral axis for beam S5 is shown in Figure 6.30 with the 
constant theoretical depth of the neutral axis based on a linear elastic analysis. The 
increase in depth of the neutral axis as the load increased was similar to the previous 
beam tests, particularly beam S3.
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Figure 6.30 Change in Depth of the Neutral Axis With Load For Beam S5
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6.13. Summary of Beams S1-S5
Beams S1-S5 were manufactured and tested to provide information on the response of 
the advanced composite/concrete beam under load. In particular, each beam used a 
different technique of bonding the concrete to the permanent composite shuttering to 
identify the most reliable method.
Of the first five beams tested, beams S3 and S5 exhibited the greatest degree of 
composite action between the concrete and permanent shuttering as was shown by the 
large flexural rigidity and less non-linear load-deflection response in comparison with 
those of beams S2 and S4. However, although the resin injection technique used for 
beam S5 ensured a high degree of composite action, the consistency of the bond was low 
and therefore the manual method of bonding used in beam S3 was used in all further 
beam tests. Due to the air voids that were created during the injection process for beam 
S5, but realising the high degree of composite action exhibited during the static test, it 
was evident that the shear strength of the bond was greater than that required, for all the 
beams.
6.1.4. Beams S6 and S7
To define the average flexural strength and rigidity of the advanced composite/concrete 
beam two more beams, S6 and S7, were manufactured to the same specification to that 
used for beam S3, using the same bonding technique.
The theoretical and experimental load-deflection behaviours of beams S6 and S7 are 
shown in Figure 6.31 with those of beam S3.
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Figure 6.31 Theoretical and Experimental Load-Deflection Behaviour For Beams
S3, S6 and S7
The maximum difference between the three experimental load-deflection results of 
beams S3, S6 and S7, was approximately 10%. The average failure load was 49.53 kN 
with a difference between the beams of only 7%.
The theoretical and experimental change in strain with load at the concrete surface and 
the tensile flange are shown in Figures 6.32 and 6.33 respectively, for beams S3, S6 and 
S7. The concrete surface strain in each beam varied significantly, the maximum 
difference being 30%, which was probably due to the variability of the concrete stiffness 
and strength. The tensile flange strain in each beam showed less variation, with a 
maximum difference between beams of 10%.
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Figure 6.33 Change in Tensile Flange Strain With Load For Beams S3, S6 and S7
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The change in depth of the neutral axis with load is shown in Figure 6.34 for beams S3, 
S6, S7 and the theoretical model. In general, the three manually bonded beams exhibited 
a similar response in the depth of the neutral axis as the load increased.
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Figure 6.34 Change in Depth of the Neutral Axis With Load 
For Beams S3, S6 and S7
The strain profiles at midspan for the three manually bonded beams, S3, S6 and S7, are 
shown in Figures 6.35, 6.36 and 6.37 respectively. At the lower loads the strain profile 
was nearly linear, however, at higher loads the strain profile became significantly non­
linear, with both the concrete surface and lower web strains greater than those predicted 
from linear elastic bending theory. The increase in the depth of the neutral axis, 
especially just prior to failure, can clearly be seen from the strain profiles in Figures 
6.35, 6.36 and 6.37.
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Using beams S3, S6 and S7 the average flexural rigidity at 25 kN (which was the 
assumed serviceability load) and just prior to failure were calculated and are shown in 
Table 6.2 with the average flexural strength.
Table 6.2 Average Flexural Strength and Rigidity of Beams S3, S6 and S7
Beam Flexural Strength, kN
Flexural Rigidity at 
25 kN, kNm2
Flexural Rigidity prior to 
failure, kNm2
S3 51.14 174.5 149.3
S6 48.31 171.6 164.6
S7 49.13 169.1 152.9
Average 49.53 171.7 155.6
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6.2. Long-term Beam Experiments
The long-term behaviour of the advanced composite/concrete beam developed in the 
current study was investigated under both creep and fatigue loading, separately, for the 
following reasons:
• In addition to self weight, there are two types of load that can be applied to a beam, 
namely, dead and live loads. Due to the constant dead load and the variable live load 
it is important to characterise the creep and fatigue properties of the structural unit.
• The effects of the creep and fatigue loads applied to the beam, which is subsequently 
tested to failure under a static bending regime, may cause the beam to have a 
different failure mode to that which would occur under a static test only.
• The materials used in the beam have long-term properties under load that differ from 
their respective short-term properties.
• Under creep or fatigue loading the flexural and shear rigidity’s may change, 
affecting the long-term deflection of the beam.
• Research data exists for the creep and fatigue properties of the individual materials 
present in the beam, but not on the behaviour of the materials acting together under 
long-term loading. However, these properties for the two dissimilar materials acting 
compositely needs to be investigated.
6.2.1. Creep Tests
To investigate the response of the advanced composite/concrete beam under long-term 
loading, a series of creep tests were carried out. The three creep tests (beams C l, C2 and 
C3) were loaded under the same four-point bending arrangement used for the static tests 
to failure, but with the load held constant over time. A load equivalent to the 
serviceability load, which was nominally defined as 50% of the ultimate load (or 25 kN) 
was applied to the beam. The experimental set-up and beam instrumentation are now 
described.
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6.2.1.1. Creep Test Apparatus and Beam Instrumentation
The load of 25 kN for the creep tests was applied using a hydraulic pump and jack 
bearing onto a load cell and spreader beam. The spreader beam enabled two equal loads 
to be applied to the beam at a spacing of 150mm either side of the centre line of the beam, 
this is shown in Figure 6.38. To provide the static load-deflection response up to 25 kN, 
the load was applied in 2 kN steps and a final step of 1 kN. Once the load of 25 kN was 
reached the stroke of the hydraulic jack was fixed in position using a locking screw 
system. As the deflection of the beam due to creep occurred, the load on the beam 
reduced in value and to maintain a nearly constant load on the beam the hydraulic pump 
and locking system were used to provide minor load corrections during the creep test. 
The maximum allowable variation in load due to creep was maintained to less than 
0.5%. During the early stages of the test, when high creep rates were apparent, the load 
was monitored every 30 seconds, but in the latter stages of the test the load was 
monitored daily as the load reduction due to creep of the beam was minimal.
Load applied via 
hydraulic pumpThreaded jack
-Locking system
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load cell
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Loading beam
0 .6m
Advanced composite/concrete beam
Supports
1.5m
Figure 6.38 Creep Test Set-up and Locking system
The instrumentation of the beam consisted of a LVDT for deflection information and a 
series of electrical resistance strain gauges, the locations of which are shown in Figure
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6.39. The LVDT was placed at the midspan point of the advanced composite/concrete 
beam and measured the vertical deflection of the concrete surface. The strain gauge, 
LVDT and load cell readings were recorded using an Intercole datalogger connected to 
a computer. Using a program developed specifically for the creep test, the strain, 
deflection and load information was gathered automatically at user-defined intervals. A 
dummy strain gauge was used to compensate for the effect of any temperature 
fluctuations on the strain readings. The average ambient temperature was measured with 
a type ‘T’ thermocouple as 22.5 °C, with a maximum change of 0.5 °C. The two strain 
gauge rosettes on beam Cl were placed to detect buckling which may have occurred 
after a long period of time under load. When the analysis of the data from beam C l was 
complete, it became apparent that no buckling had occurred and therefore, the rosettes 
were omitted in beams C2 and C3.
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Figure 6.39 Instrumentation of Creep Beams C l, C2 and C3 During Creep Test
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On completion of the creep tests the load was removed and the change in deflection 
recorded. A static load-deflection test was then carried out (using exactly the same 
procedure as that used for the beams tested statically to failure) on the beam to determine 
the effect of the long-term loading on the beam flexural response. The instrumentation 
of the creep beams for the post-creep static tests is shown in Figure 6.40.
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Figure 6.40 Instrumentation of Creep Beams C l, C2 and C3 For Post-Creep
Static Tests
6.2.1.2. Creep Test Results
The change in midspan deflection with time for beams C l, C2 and C3 is shown in Figure 
6.41. It can be seen that there is considerable variation between the time-deflection 
response of the beams up to the creep period of 2000 hours, which amounted to 
approximately 5% of the total creep deflection. Beyond 2000 hours the maximum 
difference in the total creep deflection between each beam was approximately 2.5%. 
After six months (approximately 4300 hours) the average increase in deflection over the 
initial static deflection due to creep was approximately 32%.
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Figure 6.41 Change in Deflection With Time For Beams C l, C2 and C3
The changes in the concrete surface strain and tensile flange strain with time for beams 
C l, C2 and C3 are shown in Figures 6.42 and 6.43 respectively. Figure 6.42 clearly 
shows a wide variation in the concrete strain response over time, ranging from a 74 to 
100% increase over six months. The variables that most effect the creep properties of 
concrete, other than temperature which was kept constant within 1 °C, are the initial 
strength and stiffness.
The increase in the flange strain with time was not as great as that of the concrete surface 
strain. This was due to the UD CFRP composite, which experienced essentially no creep 
under tensile load, this was confirmed by testing in Chapter 3. However, regardless of 
the creep properties of the UD CFRP composite, the strain in the tensile flange increased 
by approximately 30% due to creep. This was because of two reasons:
• The strain at the surface of the concrete increased with time, due to a change in the 
concrete properties under constant load. A reduction in the stiffness of the concrete 
would increase the depth of the neutral axis (as can be seen in Figure 6.44), which
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did occur during the creep tests and would also reduce the rigidity of the whole 
beam. Therefore, a reduction in the concrete stiffness would indirectly increase the 
strain in the tensile flange and the UD CFRP composite.
• The +/-450 GFRP composite in the beam, particularly the tensile flange which expe­
riences the greatest strain, undergoes a reduction in stiffness under constant load 
which was determined from the coupon tests described in Section 3.2.6. Therefore,
this reduction in the stiffness of the +/-450 GFRP composite would also decrease the 
rigidity of the whole beam and generally lead to an increase in longitudinal strain 
under constant load.
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Figure 6.43 Change in Tensile Flange Strain With Time For Beams C l, C2 and C3
The change in the depth of the neutral axis with time for beams C l, C2 and C3 is shown 
in Figure 6.44. The depth of the neutral axis increased with time, due to the creep of the 
+/-450 GFRP and concrete, up to approximately 3000 hours after which the rate of 
change in the depth of the neutral axis was small.
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Once the creep tests were completed, a static load-deflection test to failure was 
undertaken on each beam to determine the effect of creep on the rigidity and failure 
mode of the advanced composite/concrete beam.
The failure modes of the three creep beams were essentially the same as that observed 
in the short-term static tests of beams S3, S6 and S7. Compressive failure of the concrete 
occurred at midspan followed immediately by a compressive failure of the web below 
the failed concrete section. The tensile flange was still intact at failure. The three creep 
beams C l, C2 and C3 failed at a load of 44 kN, 57 kN and 44 kN respectively. The load- 
deflection behaviour of beams C l, C2 and C3 is shown in Figure 6.45.
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Figure 6.45 Load-deflection Behaviour For Beams C l, C2 and C3 in Comparison
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The rigidity of beams C l, C2 and C3 were all similar, although the failure load of beams 
Cl and C3 were less than that of beam C2. When compared with the standard beam S3 
the average rigidity of beams Cl, C2 and C3 showed an increase of 6%. The strength of 
beams Cl, C2 and C3 varied from 44 kN (Cl, C2) to 57 kN (C3), but the average 
strength of 48 kN was only 7% less than that of beam S3.
6.2.2. Fatigue Test
The fatigue test, performed on beam FI, used the four-point bending arrangement 
employed for the static beam tests. However, a load of 40% of the ultimate load, 20 kN, 
was used as the maximum load due to the limitation of the fatigue apparatus. Beam FI 
was cycled between 1 kN and 20 kN at a frequency of 0.5 Hertz, or 1 cycle every two 
seconds. The experimental set-up and beam instrumentation are now described.
6.2.2.I. Fatigue Test Apparatus and Beam Instrumentation
The experimental set-up for the fatigue beam was also the same as that for the static tests 
to failure. The diagram in Figure 6.46 shows the load cycling system, which was 
controlled automatically. The load cell was connected to a computer which used the 
voltage input to determine the applied load. Once the applied load had reached 20 kN, 
the maximum load, the computer program switched the relays which stopped the 
compressed air supply (at a pressure of 80 psi). When the load had fallen off to 1 kN, the 
minimum load, the relays were switched again and the compressed air supply 
reconnected to the pneumatic pump. A lever arm with a ratio of 1:10 was used to transfer 
load from the pump to the beam that reduced the stroke of the pump and gave a fast load 
application time. The computer recorded the number of cycles and the exact maximum 
and minimum applied loads for each cycle.
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Figure 6.46 Fatigue Test Set-up and Load Cycling System
The instrumentation of beam FI consisted of three sets of demec pips placed down the 
web at midspan, shown in Figure 6.47. To provide additional data on the damage to the 
beam due to fatigue, demec gauge readings were taken every 100,000 cycles and static 
load-deflection tests up to 20 kN were performed at 1.5,3.0,6.0 and 7.5 million cycles. 
After 10 million cycles the beam was removed from the fatigue test rig and a static load- 
deflection test undertaken to failure. The instrumentation for the static test to failure is 
shown in Figure 6.48.
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Figure 6.47 Location of Demec Pips on Beam FI During Fatigue Test
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Figure 6.48 Strain Gauge Locations on Beam FI For Post-Fatigue Static Test
6.2.2.2. Fatigue Test Results
To provide a datum for the comparison of the pre-fatigue and post-fatigue results, an 
initial load-deflection test up to 20 kN was carried out, shown in Figure 6.49 with the 
results from beam S3. The load-deflection results were similar and therefore the flexural 
properties of beam FI were assumed to be the representative of those from the static tests 
to failure (beams S3, S6 and S7).
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Figure 6.49 Comparison of Load-deflection Behaviour of Beam FI (Pre-fatigue)
and Beam S3
The change in longitudinal strain with the number of cycles, at the positions of the 
demec pips, is shown in Figure 6.50. The compressive strain at demec location 1 (at the 
top of the permanent shuttering) showed a significant increase as the number of fatigue 
cycles increased, over 124% from the commencement of the test to 10 million cycles. 
The other two demec locations, 2 and 3, showed a decrease in tensile strain of 36% and 
an increase in tensile strain of 6% respectively over 10 million fatigue cycles.
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Due to the much larger increase in strain at the top of the shuttering, compared to that at 
a depth of 165mm down the web, it was apparent that the depth of the neutral axis was 
increasing with the number of cycles, shown in Figure 6.51. The probable cause of this 
was the degradation of the concrete and hence a reduction in its strength and stiffness. 
Indeed, between 3.2 and 3.5 million cycles a series of transverse cracks became visible 
across the concrete surface, although no further cracking occurred after this. No visible 
damage to the advanced composite materials in the beam occurred during the fatigue 
test.
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In addition to the demec gauge readings taken every 100,000 cycles, static load- 
deflection tests were undertaken at 1.5,3.0,6.0 and 7.5 million cycles. The results from 
these tests are shown with those from the initial static test in Figure 6.52. It can be seen 
from Figure 6.52 that a significant change in the load-deflection response of the fatigue 
beam FI occurs between 3.0 and 6.0 million cycles. This coincided with the number of 
cycles at which the transverse cracks appeared on the concrete surface, between 3.2 and 
3.5 million cycles. No further cracking occurred after these cracks, which was verified 
by the similarity of the load-deflection response at 6.0 and 7.5 million cycles. The 
reduction in the flexural rigidity at each load-deflection test compared to the initial load- 
deflection test is shown in Table 6.3.
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Figure 6.52 Load-deflection Behaviour at Fatigue Intervals For Beam FI
Table 6.3 Reduction in Initial Flexural Rigidity For an Increasing Number of
Fatigue Cycles
Load-deflection test Midspan deflection at 20 kN, mm
Reduction in 
flexural rigidity
Initial (0 cycles) 7.60 -
1 (1.5 million cycles) 7.71 1.4%
2 (3.0 million cycles) 7.73 1.7%
3 (6.0 million cycles) 9.11 19.9%
4 (7.5 million cycles) 9.36 23.2%
5 (10.0 million cycles) 9.51 25.2%
Once 10 million fatigue cycles had been completed, the fatigue beam was removed from 
the fatigue rig and a static test to failure undertaken. The load-deflection results from the 
fatigue beam FI are compared with those from the static beam S3 in Figure 6.53. The 
load-deflection behaviour of beam FI exhibited a markedly different response to that of 
beam S3. The initial stiffness of the fatigue beam was low, but as the load increased the 
stiffness also apparently increased. This may be due to the cracks in the concrete, which
P  10  -
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occurred during the fatigue cycling, closing as the compressive strain increases and 
therefore contributing a greater stiffness to the beam. The maximum load reached was 
38 kN, at which load crushing of the concrete at midspan started with a subsequent drop 
in load, eventually leading to a complete failure of the concrete section. The change in 
the depth of the neutral axis with load is shown in Figure 6.54. The general trend was a 
decrease in the depth of the neutral axis as the load increased until just prior to failure. 
This was the opposite of the behaviour of the short-term beamjtests where the depth of 
the neutral axis generally increased as the load increased. The transverse cracks that 
occurred in the concrete section from the fatigue loading were the most likely reason for 
the initial large depth of the neutral axis due to the minimal stiffness of the concrete. In 
addition, the damage to the concrete section could have been due to some or all of the 
following:
• overall cracking of the concrete,
• debonding of the aggregate from the cement paste,
• crushing of the cement paste.
The decrease in the depth of the neutral axis as the load increased, i.e. an apparent 
improvement in the concrete stiffness, could be due to some or all of the following:
• a ‘knitting’ together of the debonded aggregate,
• a confinement of the failed cement paste within the coarse aggregate,
• a closing together of the transverse cracks in the concrete.
However, it was likely that the closing of the transverse cracks was the primary cause of 
the increase in the concrete stiffness with load, due to their relatively large scale 
compared to the other possible reasons described above.
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A comparison of the flexural stiffness and strength of beam FI against the average 
values from the static tests, beams S3, S6 and S7, is shown in Table 6.4. The difference 
in the flexural stiffness was minimal at failure, however, at lower loads the difference 
was significant. The reduction in flexural strength was approximately 23%, which was 
probably due to the transverse cracks in the concrete from the fatigue cycling that were 
present during the post-fatigue static test A crushing failure of a pre-cracked concrete 
section would occur at a lower load than that of a completely intact section.
Table 6.4 Static Flexural Strength and Rigidity For Static and Fatigue Beams
Property
Flexural
strength,
kN
Flexural 
stiffness at 
failure,
kNm2
Average of 
Beams S3, 
S6 and S7
49.53 kN 155.6
Beam FI 38.1 kN 154.5
Reduction 
in property
23.1% 0.7%
6.3. Environmental Exposure Beam Tests
In addition to the static, creep and fatigue tests, long-term environmental exposure tests 
were carried out on shorter, 0.75m span beams. The reason for the change in length of 
the beams from 1.5m to 0.75m was due to the limitation on size of the environmental 
chambers. Two 0.75m span beams were exposed to freeze/thaw cycling from -27 °C to 
+50 °C with a cycle period of 24 hours. Another two 0.75m span beams were exposed 
to a warm, humid environment of 36 °C and 98% relative humidity. The manufacture of 
the short, 0.75m span beams was carried out in the same manner as the longer, 1.5m span 
beams. The instrumentation of the beams, test apparatus and procedure and results from 
the two sets of tests are now described separately.
6.3.1. Freeze/Thaw Cycle Beams
The two freeze/thaw beams, E la and Elb, were placed unloaded in a heating/cooling 
chamber for 200 cycles. Visual inspections were made every 50 cycles to ascertain any
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damage to the concrete or advanced composite materials. After the freeze/thaw cycling 
period the two beams were tested in three-point bending to determine the flexural 
strength and rigidity. A photograph of the static test set-up is shown in Figure 6.55.
Freeze-Thaw  
Beam 2 
20/01/00
Figure 6.55 Half-Beam Test in Static Test Frame
6.3.I.I. Freeze/Thaw Test Apparatus and Beam Instrumentation
The chamber used for the freeze/thaw cycle tests was a LEC Refrigeration Ltd. Special 
Model (HB -40 °C/+100 °C - SLT 293/9C). The temperature cycle from -27 °C to +50 
°C took 9 hours, whilst the temperature cycle from +50 °C to -27 °C took 15 hours. To 
ensure that the temperature of the advanced composite/concrete beams was the same as 
that of the chamber, a thermocouple was inserted halfway down the depth of the 
concrete section and the temperature monitored continually. After 200 freeze/thaw 
cycles the beams were removed from the freeze/thaw chamber and allowed to reach 
room temperature.
To determine the load-deflection behaviour and the strength of the beams after the 
freeze/thaw cycling period, a static three-point loading test was carried out to failure on 
each beam. The instrumentation of the beams consisted of LYDT’s placed at midspan
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to record the deflection and electrical resistance strain gauges, the locations of which are 
shown in Figure 6.56.
The load was applied using a hydraulic hand pump and jack bearing onto a load cell. The 
load was applied in steps of 2 kN and the load, deflection and strain data recorded using 
a Schlumberger SI 353ID Data Acquisition System, which was downloaded onto a 
computer and saved in a data file.
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Figure 6.56 Instrumentation For Beams Ela, Elb, E2a and E2b
6.3.1.2. Freeze/Thaw Test Results
The load-deflection behaviour of the two beams E la  and Elb are shown in Figure 6.57.
| £ 25mm
.  *
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Failure occurred in both cases through crushing of the concrete to one side of the loading 
plate, followed immediately by a compressive failure of the webs and tensile fracture of 
the flange. In addition to this failure mode, cracks were visible at the ends of the concrete 
section, shown in Figure 6.58. The shear strains present due to the change in material 
properties between the GFRP composite permanent shuttering, epoxy adhesive and 
concrete caused the concrete to crack in these areas. However, the presence of these 
cracks at the ends of the concrete section appeared to have no direct effect on the 
eventual failure mode or strength of the beam. The average shear stress that the concrete/ 
composite interface resisted was approximately 2 N/mm2 based on the calculation in 
Section 4.6.1., which was near the value of 2.39 N/mm2 determined from the shear pull- 
off tests described in Chapter 3.
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Figure 6.57 Theoretical and Experimental Load-deflection Behaviour For Beams
E la  and E lb
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Figure 6.58 Cracks in Concrete Section at Ends of Beams E la and Elb
The change in the concrete surface and tensile flange strain for both beams are shown in 
Figures 6.59 and 6.60 respectively. The change in the concrete surface strain with load 
was non-linear, with the concrete failing at a compressive strain of approximately 5500 
microstrain. This failure strain was greater than that observed in the short-term static 
tests and was probably due to the greater age of the concrete at testing. The age of the 
concrete at testing was approximately 200 days for beams Ela and Elb as opposed to 28 
days for the short-term static tests.
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Figure 6.59 Change in Concrete Surface Strain With Load For Beams E la  and E lb
100 -| 
90 - 
80 -
70 -
z
Beam E1a■o
COo_l Beam E1b
30 - 
20 -  
1 0 -
2000 4000 6000 8000 10000 120000
Microstrain
Figure 6.60 Change in Tensile Flange Strain With Load For Beams E la  and E lb
The change in depth of the neutral axis with load is shown in Figure 6.61 for beams E la  
and Elb. The neutral axis depth of beam E la increased near failure, as observed for the 
short-term tests, however, beam Elb exhibited a slight decrease in the depth of the
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neutral axis near failure.
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Figure 6.61 Change in Depth of the Neutral Axis With Load 
6.3.2. Humidity Test Beams
The two beams E2a and E2b were placed in a temperature and humidity controlled 
chamber for 200 days to ascertain the effect of a warm and humid environment (36 °C 
and 98% relative humidity) on the constituent materials and also the concrete/composite 
bond. After the beams were exposed to the warm, humid environment they were 
removed, instrumented and a static test to failure carried out on each beam within three 
days. The test apparatus, beam instrumentation and results from the static tests are now 
described.
6.3.2.I. Humidity Test Apparatus and Beam Instrumentation
A diagram of the humidity chamber that beams E2a and E2b were placed in is shown in 
Figure 6.62. To ensure a high relative humidity level throughout the exposure time of 
200 days, an open tank of water was placed below the beams in the chamber. The beams 
were rested on a wire mesh above the water level. The air temperature in the chamber 
was monitored throughout the exposure period with a thermocouple. The 
instrumentation of beams E2a and E2b for the post-exposure static tests was the same as
Beam E1a 
Beam E1b
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that for beams Ela and Elb and is shown in Figure 6.56.
Advanced composite/ 
concrete beams
Thermocouple
To temperature 
monitor ^
Humidity chamber
Water
Figure 6.62 Humidity Chamber and Beams E2a and E2b
6.3.2.2. Humidity Test Results
The two beams E2a and E2b were tested statically to failure in steps of 2 kN. The strain, 
deflection and load information were recorded at each load interval, transferred to a 
computer and saved in a data file. Failure occurred by a compressive failure of the 
concrete at loads of 101.7 kN and 105.8 kN for beams E2a and E2b respectively. In 
addition, similar to the cracking observed in beams Ela and Elb, longitudinal cracks 
were observed near failure at the ends of the concrete section. Failure of the concrete was 
followed immediately by compressive failure of the webs and tensile fracture of the 
flange at midspan in both beams.
The load-deflection behaviour of beams E2a and E2b is shown in Figure 6.63. The 
stiffness of beam E2b was approximately 28% greater than that of beam E2a prior to 
failure, which was probably due to the variability in the strength and stiffness of the 
concrete.
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Figure 6.63 Theoretical and Experimental Load-deflection behaviour for Beams
E2a and E2b
The change in the concrete surface strain and tensile flange strain with load for beams 
E2a and E2b are shown in Figures 6.64 and 6.65 respectively. The non-linear response 
of the compressive concrete strain with load was similar to that observed in the static 
tests on the 1.5m span beams. The concrete failure strain of 3500-4500 microstrain for 
beams E2a and E2b was also typical of the failure strain in the 1.5m span beam tests. 
The change in the tensile flange strain with load was of a more linear nature than the 
concrete strain response. This type of response was also observed in the 1.5m beam tests, 
though in the static tests of beams Ela,b and E2a,b the tensile flange fractured once the 
concrete had failed in compression. The last recorded tensile flange strains were 
approximately 11500 microstrain for beams E2a and E2b, which was lower than the 
tensile failure strain of the UD CFRP composite of approximately 14000 microstrain. 
Therefore, the failure of the flange was due to the reduced strength and stiffness of the 
beam once the concrete had failed in compression, which in turn caused a sudden 
increase in strain at the flange and subsequent tensile failure.
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Figure 6.65 Change in Tensile Flange Strain With Load For Beams E2a and E2b
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The change in the depth of the neutral axis with load for beams E2a and E2b is shown 
in Figure 6.66. The depth of the neutral axis in beams E la and Elb was less than that 
observed in the 1.5m beam tests and beams Ela and Elb (approximately 25mm 
compared to 35-40mm). This difference was either due to a decrease in the elastic 
moduli of the advanced composite section or an increase in the elastic modulus of the 
concrete section. However, the rigidity of beams E2a and E2b was greater than that 
predicted from theory, therefore, it was assumed that the concrete section had increased 
in stiffness. The exposure conditions of the humidity test, 36 °C and 98% R.H., were 
beneficial to the curing of the concrete and also the stiffness and strength, which 
supported the assumption that the concrete stiffness had increased during the exposure 
period.
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Figure 6.66 Change in Depth of the Neutral Axis With Load For Beams E2a and
E2b
6.4. Summary of Flexural Beam Tests
The test programme undertaken in the current study allowed an appraisal of the effect of 
creep and fatigue on the advanced composite/concrete beams to be carried out. In 
addition, the experimentally determined load-deflection behaviour, strength and rigidity
Beam E2a 
Beam E2b
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of the beams meant that it was possible to verify the development of the FE model and 
analysis presented in Chapter 7.
The strength, failure mode, rigidity and bond mechanism of each of the 1.5m flexural 
beam tests are summarised in Table 6.4. Comparing the failure loads of the static beams 
(S1-S7), the manual and injection bonding techniques provided the greatest beam 
strength. The other static beams all exhibited a premature partial or total failure due to 
the method of ensuring composite action. Beam SI experienced a separation of the 
concrete and GFRP composite permanent shuttering, beam S2 failed at a low load due 
to a manufacturing detail causing a delamination in the GFRP composite and beam S4 
failed at a low load due to transverse concrete cracks in the vicinity of the bolt locations. 
Therefore, the most efficient and reliable bonding method was either injection or manual 
placement of the epoxy resin to bond the concrete and GFRP composite shuttering. The 
rigidity of the static beams was also affected by the joining method between the 
permanent shuttering and the concrete, particularly in beam S4 where the bolts caused 
the concrete to crack and the stiffness to decrease, which reduced the rigidity of the 
advanced composite/concrete beam as a whole.
During the creep tests, the average increase in the midspan deflection of the three creep 
beams Cl, C2 and C3 was 32% after six months. The average increase in the concrete 
surface and flange longitudinal strain after six months was 98% and 29% respectively, 
although the variation in the concrete strain of the three concrete beams was large. The 
creep beams exhibited only a small decrease in the average strength of 7% and an 
increase in rigidity of 6% in comparison with the properties of the three static beams S3, 
S6 and S7. The failure mode of beams Cl, C2 and C3 was essentially the same as those 
observed for the static beams S3, S6 and S7. However, the failure mode of the fatigue 
beam FI was affected due to the presence of transverse cracks in the concrete at the 
loading points for the static test. This caused a reduction in the failure load and rigidity 
observed from the static test of 23.1% and 16.0% respectively in comparison with the 
average of the static beams S3, S6 and S7. The increase in the concrete surface and 
flange strain at 20 kN after 10 million cycles was 124% and 6% respectively.
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Table 6.4 Bond Mechanism, Strength, Failure Mode and Rigidity of 1.5m Beams
Beam BondMechanism
Rigidity at 
25 kN (50% 
nominal 
failure
load), kNm2
Strength,
kN
Failure
Mode Comment
SI Indents in 
permanent 
shuttering
168.2 48.0 Compressive
concrete
failure
Separation of the 
composite shuttering 
occurred at 24 kN
S2 Manual
adhesive
bond
160.0 30.0 GFRP
composite
delamination
Premature failure due 
to manufacturing detail
S3 Manual
adhesive
bond
174.5 51.14 Compressive
concrete
failure
S4 Bolts 127.3 42.0 Compressive
concrete
failure
Transverse concrete 
cracks present at bolt 
locations prior to 
failure
S5 Injected
adhesive
bond
192.9 52.0 Compressive
concrete
failure
S6 Manual
adhesive
bond
171.6 48.31 Compressive
concrete
failure
S7 Manual
adhesive
bond
169.1 49.13 Compressive
concrete
failure
Cl Manual
adhesive
bond
181.7 44.0 Compressive
concrete
failure
Manual
adhesive
bond
172.7 (^57.0^ Compressive
concrete
failure
C3 Manual
adhesive
bond
171.9 42.0 Compressive
concrete
failure
FI Manual
adhesive
bond
144.2 38.1 Compressive
concrete
failure
Transverse cracks 
formed adjacent to the 
load points during the 
fatigue cycling
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The static tests exhibited non-linearity in the load deflection behaviour due to the 
presence of the +/-450 GFRP composite and, to a lesser degree, the concrete. The non­
linear load-deflection behaviour was also observed in the creep and fatigue beam static 
tests.
In comparison with the experimental results from the 1.5m static beam tests, the linear 
theoretical analysis provided an adequate prediction (within 8%) of the longitudinal 
strains and load-deflection behaviour of the beams up to approximately 50% of the 
failure load. Beyond this load the non-linear material properties of the +/-450 GFRP 
composite and concrete meant that the measured strains and deflection of the beams at 
failure were generally underestimated by the linear theoretical analysis, by up to 26% 
for the concrete surface strain. To provide a more accurate prediction of the 
experimental non-linear behaviour a non-linear FE analysis was used which is described 
in Chapter 7.
The environmental exposure tests on the half-length beams of 750mm span showed the 
advanced composite/concrete beams to be resistant to degradation from freeze/thaw 
cycling and a warm/humid environment. On static testing the two half beams subjected 
to freeze/thaw cycling (200 cycles) showed an average increase in rigidity of 12% over 
that predicted from theory, although the strength was reduced by 5%. The two half­
beams exposed to the warm/humid environment (200 days) exhibited an average 
increase in the beam strength and rigidity of 10% and 26% respectively. This increase 
in the beam properties was due to the beneficial curing environment for the concrete. 
From the observed increase in the beam strength and rigidity, it was assumed that the 
properties of the advanced composite material in the beam were not significantly 
affected by the environmental exposure.
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7. Numerical Finite Element Analysis
To predict and provide greater insight into the experimental behaviour of the advanced 
composite/concrete beams, a finite element model was developed and analysed. In 
addition, the finite element model was used to aid the design of the beam by 
investigating the effect of changes to the beam form and material properties on the beam 
behaviour. The underlying theory of finite element analysis and the development of the 
FE model are now discussed.
The theory used for the finite element analysis of numerical problems is relatively 
simple in its basic form. Detailed discussions of the theory of this numerical analysis 
method have been published (Fagan, 1992 and Zienkiewicz, 1977) and therefore only a 
brief description of the main principles of the finite element method will be given here.
The finite element theory is generally used to calculate the distribution of an unknown 
variable in a model. The initial step is to transform the problem to be analysed, in this 
case a structure, into smaller regions called elements that are connected to each other at 
points known as nodes. In the case of a structure the unknown variable to be calculated 
is often displacement, strain or stress. The distribution of the unknown variable through 
the elements of the model is defined by known equations, called the interpolation 
functions, usually in polynomial or trigonometric form. To provide an accurate solution 
it is important that the number and type of elements are chosen such that the variable 
distribution can be adequately represented throughout the whole body. Once the model 
has been discretised, the governing equations for each element can be formulated using 
equilibrium and compatibility conditions at the element boundaries. At this point the 
governing equations for every element can be combined in matrix form to create a 
mathematical model of the whole structure. For structural analysis the equation that 
describes the behaviour of each element generally takes the form
7.1. Finite Element Theory
M{U}={F},
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where [k] is known as the stiffness matrix, {U} represents the unknown nodal 
displacements (the unknown variable distribution) and {F} is the vector of the applied 
nodal forces. Once the equations for each element are combined then this equation also 
describes the behaviour of the whole structure.
To obtain the unknown variable distribution of nodal displacements, the stiffness matrix 
{k} is inverted and [U] calculated. The inversion of the stiffness matrix and calculation 
of the nodal displacements, or the relevant unknown variable, is usually a time- 
consuming and tedious operation. The systematic and repetitive solution of these 
equations is what makes them suitable for solving by computer. The inversion of {k} is 
not a trivial process and a variety of techniques are used, dependent on the FE package 
used and type of model. Some techniques that can be used are Gaussian elimination, 
Cholesky decomposition and the wavefront or frontal method, described in Fagan, 1992. 
The particular solution technique used in the ABAQUS solver was the wavefront 
method.
Prior to analysis of any problem using the finite element method it is important that the 
discretisation of the model is carried out so that the subsequent analysis produces 
reasonable results. This can be achieved by using guidelines on the size, frequency, 
aspect ratio and type of elements dependent on the form of the model and the boundary 
conditions. A number of models are analysed with progressively finer meshes to 
describe the structural form. The output from the models are then compared and the 
mesh at which there is no significant variation in solution is used. This method allows 
for a balance in accuracy against computer time for all further analyses.
7.1.1. Finite Element Modelling and Analysis of Plain Concrete
Plain concrete, whilst simpler to model than reinforced concrete, has particular 
properties that are not necessarily easy to model using the finite element method. The 
first of these is the heterogeneous nature of plain concrete. Concrete consists of a 
mixture of materials of various dimensions, shape and properties, such as the aggregate 
(both coarse and fine) and the cement paste bonding the aggregate together. In addition
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to this, the spacing of the aggregate in the cement paste is generally of a random nature. 
Due to the complexities of the material on the micro-scale, for design purposes the 
macro-properties of concrete are used. The concrete is then defined as an isotropic 
material, with only the modulus of elasticity in compression and Poisson’s ratio 
required; it is usually assumed that the tensile strength and stiffness of concrete is 
negligible. The stress-strain curve for plain concrete in compression is non-linear, 
though for design purposes a constant short-term modulus of elasticity in compression 
is used up to a limiting strain of 0.35%. The crushing failure mode of concrete in 
compression is difficult to model due to the heterogeneous nature of concrete at the 
micro-scale. One further difficulty in modelling the concrete using the finite element 
technique is because of the dependency of the concrete properties on the stress field. The 
properties of concrete under uniaxial stress are different to those observed under biaxial 
and triaxial stress fields (Neville, 1995).
In the current study the concrete section was primarily under compression, though shear 
forces and therefore components of tensile force were also present. Therefore, the plain 
concrete section of the advanced composite/concrete beam was initially modelled as an 
isotropic material with linear stress-strain properties. This was compared to the 
experimental results of the short-term static beam tests and when proven to be 
inadequate at high strains the concrete was modelled as a non-linear material. The failure 
stress, or strength, of the concrete was not defined as the failure mode of crushing was 
difficult to model accurately. Therefore, the longitudinal strain at the concrete surface 
was used as the failure limit instead.
7.1.2. Finite Element Modelling and Analysis of Advanced Composites
The numerical modelling of advanced composites, which consist of two dissimilar 
materials, has been the subject of much research. The majority of the numerical 
modelling methods described in the literature are based on the development of special 
finite elements for composite analysis and methods for defining the micro-properties of 
the composite, i.e. the matrix and fibre material properties (Pellegrino et al, 1999, Rubert 
et al, 1999, Chung and Tamma, 1999) and the combination of these to model the 
response of the composite when under load. Other areas of research have focused on
Numerical Finite Element Analysis 170
UniS
University o f  Surrey
new finite elements to improve solution accuracy and convergence (Auricchio and 
Sacco, 1999, Kant and Khare, 1997, Feng and Hoa, 1996, Han and Hoa, 1993, Phan and 
Reddy, 1985) and improved calculation techniques (Rolfes and Rohwer, 1997, Lee and 
Chen, 1996, Ahmed and Basu, 1994). However, techniques where the individual 
properties of the fibre and matrix in separate layers are used to define the global material 
behaviour are not particularly suitable for woven composites, where the fibres are at 
different orientations and are not separate from one another. Therefore, techniques 
where the fibres and matrix were defined separately did not realistically model the 
advanced composite fabric used in the duplex beam.
To determine if modelling the fibres at different orientations as separate layers had any 
effect on the beam response under load, two models were created, one that used separate 
layers for each fibre orientation and one that used the macro-properties of the composite.
The methods available for modelling of advanced composite materials in ABAQUS and 
PATRAN are now described.
a) The properties of the composite material are defined at a certain orientation. The 
composite material is then split into the original lamina and the orientation of each 
lamina can then be defined relative to the original orientation definition. This is 
illustrated in Figure 7.1.
Initial anisotropic material Final composite definition from
definition layers of initial material at angles
z Ak
X
Figure 7.1 First method of modelling a composite material
V,
angle
fibre direction angle angle =+45° =90°
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b) Each laminae of the composite material can be defined as a separate unit for each 
different orientation; this is shown in Figure 7.2.
Material A 
definition
4r
Material B 
definition
Material C 
definition
Composite material 
(A/B/C) definition
Figure 7.2 Second method of modelling a composite material
c) The macro-properties of the composite material can be defined; this is illustrated in 
Figure 7.3.
Separate definitions for 
materials A, B and C
E,
Combined macro-properties 
for composite material
E
Figure 7.3 Third method of modelling a composite material
In the above items, methods relating to a) and b) are similar. Assuming the macro­
properties of the composite material are known the method used in item c) is the most 
efficient for the creation and analysis of the model. In addition, in ABAQUS separate 
laminae can be defined within a single brick or shell element, this is applicable to 
methods a) and b).
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7.1.3. Finite Element Modelling and Analysis of Rigid Foam
The properties of the foam prior to crushing were such that an isotropic material 
definition was used. However, at a compressive strain of approximately 2% in any of the 
three dimensions crushing of the foam occurred. Therefore, a compressive strain limit 
was used to determine the onset of failure of the rigid foam core in the advanced 
composite/concrete beam webs. The strength and stiffness of the foam core were 
negligible compared to those of the concrete and advanced composite materials and, 
therefore, had a minor contribution to the overall beam strength and rigidity, other than 
that of increasing the buckling capacity.
Other, more complex, methods were available in ABAQUS to model the foam 
behaviour under load. The foam could either be defined as an elastomeric foam or a 
crushable foam, both of which are now briefly described.
The elastomeric foam model can be used when the material is capable of large elastic 
deformations, approximately 90% strain, in compression prior to plastic behaviour. 
During the elastic compression phase the stress-strain response is not generally linear. 
To use this particular technique for modelling a foam it is recommended that tests are 
carried out on the relevant material to determine the required parameters. These 
parameters are then used to calculate the strain energy potential of the foam. Depending 
on the type of test undertaken, it is also possible to use the raw test data in a tabular form 
in the input file to define the foam behaviour.
The crushable foam model is used to define a foam that undergoes plastic deformation 
at a relatively low compressive strain compared to the elastomeric foam model. The 
plastic range of deformation can be defined either by an exponential law using 
parameters determined from testing, or by a piecewise method where data from testing 
can be used to model the strain softening or hardening of the foam in increments.
Both the elastomeric foam and crushable foam models were deemed inappropriate to 
model the rigid foam material used as the core in the webs. This was because of the low 
strain at which plastic behaviour of the foam would occur, which ruled out the
Numerical Finite Element Analysis 173
University o f  Surrey
elastomeric foam model. Also, the lack of detailed information on the crushing 
behaviour of the rigid foam excluded the use of the crushable foam model.
7.2. Development of Finite Element Model For Linear Elastic 
Static Analysis
The FE packages used to create the FE model were PATRAN Version 6.0 (MSC/ 
PATRAN, 1996) and ABAQUS Version 5.6-1 (ABAQUS, 1996a). PATRAN has the 
facility of a graphical user interface (GUI) for creating finite element models, although 
ABAQUS was also used in the development of the finite element model.
7.2.1. Development of Finite Element Mesh
The first stage of creating the finite element model of the advanced composite/concrete 
beam was to choose an appropriate number of dimensions. Due to the shape of the 
advanced composite/concrete beam and the boundary and loading conditions, the finite 
element model was required to be described in three dimensions. However, because the 
beam and loading arrangement are symmetrical about the transverse centreline of the 
beam, this symmetry was utilised to halve the size of the FE model. The FE model was 
also symmetrical about the longitudinal vertical centreline, but to properly model any 
lateral torsional buckling or local buckling effects of the webs, which were not 
necessarily symmetrical, the model was not halved in the transverse direction.
A variety of elements were available to provide an accurate representation of the 
advanced composite/concrete beam behaviour. The principle behaviour of the beam is 
in bending and, therefore, second-order elements were used in the FE model as they have 
superior modelling capabilities in bending compared with first-order elements. The 
greater number of nodes along the edge of a second-order element allows improved 
modelling of curved edges, as shown in Figure 7.4. To model the concrete section of the 
beam, solid three-dimensional continuum elements were employed (also known as brick 
elements), the particular element used was called C3D20R. Element C3D20R is defined 
as a three-dimensional solid quadratic element for stress-displacement analysis. Twenty 
nodes are used in the element, one at each comer and mid-side of an edge, which allowed
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curved edges and hence better modelling of bending behaviour. Reduced integration was 
used for this element, which is a lower-order integration with the advantage of more 
efficient modelling due to a faster analysis time. Provided the continuum elements are 
not significantly distorted the use of element C3D20R generates accurate results. The 
same type of element was used for the foam core.
To model the +/-45° GFRP and UD CFRP composite sections, several options were 
available. The simplest option was to model the advanced composite sections as layered 
composite shell elements. For layered composite shell elements, the material is 
modelled as a shell but each separate element can be composed of a number of layers, 
hence a separate element for each composite lamina is not required. The other options 
were either to model the advanced composite section with layered composite brick 
elements, use separate brick elements to model each laminate of composite, or model the 
separate laminates as a single material with the macroproperties of the +/-45° GFRP 
composite. These methods of defining composite material properties are described in 
detail in the ABAQUS manual (ABAQUS, 1996b).
Curved Area
Mesh of Curved Area Mesh of Curved Area 
Using First-Order Using Second-Order
Elements Elements
Figure 7.4 Modelling of Curved Area Using First and Second-Order Elements
The initial model used layered composite shell elements, called S8R elements, for the
Numerical Finite Element Analysis 175
UniS
University o f Surrey
advanced composite permanent shuttering, web faces and tensile flange (Figure 7.5). 
The S8R elements, like the solid C3D20R elements, use reduced integration for a more 
efficient analysis. The layered composite shell elements require the thickness, type of 
material and three-dimensional orientation of the material to be defined for each layer. 
Using this method the GFRP composite material was defined as a sequence of laminates 
of equal thickness which were oriented at +45° or -45° about the longitudinal-axis. For 
the UD CFRP composite in the flange, the layered option was not used as the fibre 
orientation was the same in every layer. It was assumed in the FE model that the bond 
between the concrete and GFRP composite permanent shuttering was perfect, which was 
not necessarily true in the actual experimental beam tests.
►
Figure 7.5 Finite Element Mesh For Advanced Composite/Concrete Beam
The inherent small thicknesses when using advanced composite materials meant that the 
aspect ratio of the advanced composite elements were large - approximately 50, though 
ideally the aspect ratio of the elements should be as near to unity as is practical. 
Therefore, to ensure the large aspect ratios of the advanced composite elements were not 
giving inaccurate results, the element mesh was refined a number of times. Figure 7.6 
shows the load-deflection behaviour from the linear static analysis of each mesh. The 
material properties (normal and shear stiffnesses and Poisson’s ratios) were taken from 
the concrete cylinder, +/-45° GFRP and UD CFRP composite coupon tests and are
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displayed in Table 7.1. Figure 7.6 clearly shows that after mesh C there is no further 
improvement in the load-deflection results from mesh refinement and hence this mesh 
was used as the basis for further models.
For later models, element C3D20R was used for the advanced composite sections for a 
number of reasons:
• Ease of modelling (pre-processing) of the advanced composite/concrete beam.
• Improved post-processing and visualisation of stresses and strains in the advanced 
composite.
• Improved modelling of transverse shear effects, which was important due to the sig­
nificant proportion of the beam deflection that was due to shear.
The analysis time was not found to increase significantly due to the use of the C3D20R 
elements and a comparison with the same model but with S8R elements showed no 
change in the beam response.
60
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Figure 7.6 Effect of Mesh Refinement on Load-Deflection Behaviour of 
Advanced Composite/Concrete Beam
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Table 7.1 Linear Static FE Model Material Properties
Material Longitudinal Stiffness, GPa
Transverse 
Stiffness, GPa
Poisson’s 
Ratio, v 12
+/-45° GFRP composite 10.67 10.67 0.64
UD CFRP composite 140.1 5 0.31
Concrete 27.72 27.72 0.2
7.2.2. Load and Boundary Conditions
The boundary and loading conditions consisted of the support, loading region and plane 
of symmetry as shown in Figure 7.7. These are now summarised.
Support boundary conditions: fixed in the x and z-directions, free to translate in the y- 
direction and freedom to rotate about the x, y and z axes.
Loading region: the load was applied as an element face pressure on the relevant set of 
elements.
Plane of symmetry: translation in the y-direction fixed, free to translate in the x and z- 
directions, no rotational freedom about any axis.
Midspan
symmetry
conditions
Support
conditions
Figure 7.7 Load and Boundary Conditions of FE Model
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Similar graphs are shown in Figures 7.9, 7.10 and 7.11 for the concrete surface strain, 
tensile flange strain and web strain profiles respectively. A contour plot of the normal 
strain in the longitudinal direction of the concrete section is shown in Figure 7.12. The 
variation in stress with the longitudinal distance is clear, with greater local strains at the 
loading position.
The difference in deflection between the FE analysis and experimental tests was due to 
the non-linear material properties of two of the four materials present in the beam; the 
concrete and the +/-45° GFRP composite. Hence, a non-linear FE model was developed 
to allow a more accurate prediction of the advanced composite/concrete beam response 
at high loads. This is described in the next section.
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Figure 7.8 Load-deflection Behaviour of Advanced 
Composite/Concrete Beam
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Figure 7.9 Change in Concrete Surface Strain With Load
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Figure 7.10 Change in Tensile Flange Strain With Load
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Figure 7.12 Longitudinal Strain Contour Plot of the Concrete Section
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7.3. Development of Finite Element Model For Non-linear 
Elastic Static Analysis
To overcome the lack of accuracy of the linear FE model at high loads (>50% of 
ultimate) and, therefore, high material strains a non-linear FE model was developed. 
Non-linear behaviour of a structure is acquired from two types of non-linearity; non­
linear material behaviour and non-linear geometric behaviour. For the advanced 
composite/concrete beams detailed in this research the primary non-linearity was due to 
non-linear material behaviour. A number of methods were available to give an accurate 
definition of non-linear material behaviour within the ABAQUS FE package. These can 
be split into two basic techniques, the first of which was using one of the pre-defined 
material behaviour models already present in the FE package. These covered a wide 
range of materials and were generally based on the behaviour of a particular type of 
material, for example, plasticity models for steel or crushable foams. The second 
technique was to use a material model that was completely defined by the user, allowing 
greater freedom in the material response under load, although a detailed knowledge of 
the relevant material was required. Essentially, the user-defined material technique 
allows particular material properties, such as normal and shear stiffnesses, to be linked 
to certain variables. These variables can be either solution-independent or solution- 
dependent. The amount of time for which a structure is loaded is an example of a 
solution-independent variable. The level of strain in the model is an example of a 
solution-dependent variable. To model the non-linear +/-45° GFRP composite and 
concrete behaviour the solution-dependent variable of longitudinal strain was used. This 
method allowed the data from the small scale testing of the concrete cylinders and the 
+/-45° GFRP composite to be used in the non-linear FE analysis. The non-linear strain- 
longitudinal stiffness data were defined as a series of data pairs in the FE model and are 
shown in Table 7.3. The non-linear analysis proceeded in a step-wise fashion, with the 
initial, maximum and minimum increments in load defined by the user. At each load 
increment, the strain in the relevant material is checked and the stiffness value modified 
to the new value specified by the data-pairs. For strains between those actually defined, 
linear interpolation is used between the two closest sets of data-pairs to calculate the 
material stiffness. The analysis then proceeds with the new material stiffnesses, up to the 
next load increment.
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Table 7.3 Strain-Stiffness Data Pairs For Non-linear FE Analysis
+/-45 GFRP Concrete
% Strain Stiffness,GPa % Strain
Stiffness,
GPa
0 13.97 0 27.72
0.4 9.13 0.07 27.72
0.8 4.68 0.16 18.24
1.0 4.09 0.26 15.58
1.2 2.90 0.37 13.59
1.4 1.89 0.54 11.21
1.6 1.53 0.72 9.72
1.8 1.31 1.16 6.48
2.0 1.18 1.53 5.24
6.0 0.79 2.04 4.16
7.3.1. Non-linear FE Analysis Technique
The non-linear FE analysis technique was used to model both the non-linear geometric 
and material behaviour of the model developed for the linear analysis. Geometric non­
linear behaviour was modelled by using the NLGEOM parameter which allows large 
displacement analysis. With this type of analysis, the current nodal positions of the 
elements at each increment are used rather than the original nodal positions at the start 
of the analysis step. However, care must be taken to ensure the deformation of the 
elements is not too great. If this is the case, the volume of an element may become too 
small or even negative and the analysis will terminate. This event could happen if the 
increments are large and to prevent this the ABAQUS solver uses automatic increment 
control. Therefore, if the increments become too large, the load increment is reduced and 
the model analysed using the reduced increment of load. The solution of the non-linear 
equilibrium equations for the non-linear static analysis is carried out using Newton’s 
method. The process of convergence for Newton’s method (also known as the Newton- 
Raphson method) is shown in Figure 7.13.
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xn, nth estimate
— ------------- * (n+l)th estimate
x n+ l =  x n - f ( x n)/ f , ( x n)
Figure 7.13 Method of Iterative Convergence For Newton’s Method
The solution process using this numerical technique proceeds iteratively until adequate 
convergence has been achieved for each increment. After each iteration, an 
approximation to the solution is obtained with a corresponding small error. By using a 
Taylor expansion and solving the Jacobian matrix (the stiffness matrix) a correction to 
the approximate solution is calculated and the process repeated until the solution has 
converged. Convergence of the solution is measured by checking that the corrections to 
the approximation and the residual force components for the iteration are sufficiently 
small. A more detailed discussion of this technique is available in the ABAQUS 5.6 
Theory Manual (ABAQUS, 1996c) with additional alternative solution techniques.
Another method of non-linear analysis available within ABAQUS for highly non-linear 
problems was the RIKS option. This analysis technique can be used when an unstable 
response of a structure is required to be analysed, such as buckling or collapse. In such 
cases the load-displacement response exhibits an increase in deformation with a 
decrease in load. To model this type of response, the modified Riks method can be 
employed, where the path length along the load-displacement curve is used as the 
controlling parameter, rather than load, during the solution of the equilibrium equations 
in an increment. Therefore, the load magnitude becomes an unknown variable of the
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analysis. This particular technique was used for the non-linear analysis of the advanced 
composite/concrete beam model in case the load-deflection response exhibited an 
increase in deformation with a concurrent small increase or even reduction in load.
7.4. Development of Finite Element Model For Creep (Time- 
dependent) Analysis
The time-dependent analysis of the advanced composite/concrete beam used an 
identical mesh to that used for the linear and non-linear static FE analyses. Time- 
dependent analysis within ABAQUS can be undertaken by a number of methods; using 
viscoelastic models of various materials, creep models, rate dependent yield and user- 
defined time-dependent material models. For the time-dependent analysis of the 
advanced composite/concrete beam the applicable methods were the viscoelastic 
models, creep models and the use of user-defined time-dependent material properties.
The viscoelastic model, the properties of which are defined by the use of the 
*VISCOELASTIC command in the ABAQUS input file, can either use viscoelastic 
parameters calculated from test data or the test data itself to define the viscoelastic 
behaviour of a material. The test data can either be from shear or volumetric tests, or a 
combination of both.
The creep model, which uses the *CREEP command in the ABAQUS input file, requires 
the user to define a creep law. For simple creep laws, such as a power law or hyperbolic 
sine law, the relevant parameters can be defined on a series of data lines, otherwise a 
user-defined creep law is required. The power creep law can be of the strain hardening 
or time hardening form, i.e. dependent on strain or time respectively.
The method of applying a user-defined time-dependent material property allowed the 
use of the strain data from the creep coupon tests on the +/-450 GFRP composite. This 
method was chosen in preference to the other methods described above as it provided a 
more accurate time-dependent analysis which was also simpler than the other time- 
dependency models. Furthermore, the hyperbolic and power laws for creep are generally 
used only as an approximation of the time-dependent behaviour of a material under load.
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7.4.1. Time-dependent FE Analysis Technique
The FE model for the creep analysis used a similar analysis technique to that used for 
the non-linear FE analysis. For this technique the step time of the analysis was used to 
define the material properties of the concrete and GFRP composite. Therefore, the 
analysis was carried out in increments of time that were calculated automatically by the 
solver to ensure adequate convergence, within user-defined parameters. At each time 
increment the relevant material properties were modified depending on the value of the 
time increment. Linear interpolation was used to calculate the material properties for 
step time values between those defined by the user. The data for the user-defined 
material was provided from the creep tests carried out on the +/-45° GFRP and data from 
the literature (Neville, 1995) for the concrete creep behaviour. From this information a 
series of data sets consisting of the period of time under load and the corresponding 
material properties such as elastic moduli and Poisson’s ratios were calculated and used 
in the creep FE model. The data sets used for the two non-linear materials, concrete and 
+/-45° GFRP, are shown in Table 7.4.
Table 7.4 Strain-Stiffness Data Pairs For Creep FE Analysis
Concrete
(at 0.75% 
+/-45° strain, 
GFRP 90mm 
width)
(at 0.75% 
+/-45° strain, 
GFRP 25mm 
width)
Time,
hrs E, GPa
Poisson’s
ratio
Time,
hrs E, GPa
Poisson’s
ratio E, GPa
Poisson’s
ratio
0 28.0 0.2 0 10.25 0.6 10.25 0.64
672 9.35 0.2 4.7 2.72 0.57 4.82 0.78
960 8.65 0.2 9.7 2.57 0.57 4.51 0.79
1200 8.34 0.2 21.7 2.44 0.58 4.20 0.80
1440 8.12 0.2 41.7 2.34 0.58 3.99 0.81
1680 7.96 0.2 61.7 2.30 0.58 3.87 0.81
1920 7.84 0.2 81.7 2.27 0.58 3.78 0.81
2160 7.73 0.2 101.7 2.25 0.58 3.71 0.81
2400 7.65 0.2 121.7 2.23 0.59 3.65 0.81
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Table 7.4 Strain-Stiffness Data Pairs For Creep FE Analysis
Concrete +/-45°
GFRP
(at 0.75% 
strain, 
90mm 
width)
+/-45°
GFRP
(at 0.75% 
strain, 
25mm 
width)
Time,
hrs E, GPa
Poisson’s
ratio
Time,
hrs E GPa
Poisson’s
ratio E, GPa
Poisson’s
ratio
2640 7.58 0.2 141.7 2.21 0.59 3.61 0.82
2880 7.51 0.2 161.7 2.18 0.59 3.57 0.81
3120 7.46 0.2 181.7 2.13 0.58 3.52 0.80
3360 7.41 0.2 201.7 2.10 0.58 3.47 0.81
3600 7.36 0.2 221.7 2.08 0.58 3.43 0.81
3840 7.32 0.2 241.7 2.08 0.58 3.40 0.81
4080 7.29 0.2 261.7 2.06 0.59 3.37 0.81
4320 7.25 0.2 281.7 2.05 0.59 3.35 0.81
310.7 2.03 0.59 3.31 0.82
406.7 1.98 0.59 3.23 0.82
460.7 1.95 0.59 3.19 0.82
559.7 1.93 0.59 3.13 0.83
743.7 1.90 0.59 3.03 0.83
927.7 1.88 0.59 2.98 0.85
7.5. Development of Finite Element Model For Buckling 
Analysis
To compare and predict the buckling resistance of the various beam shapes and types of 
web considered in the current study for the advanced composite/concrete beam, an 
eigenvalue buckling analysis was undertaken. The buckling analysis was carried out on 
an identical FE model to that used for the linear and non-linear static analyses. In 
addition, to provide a more accurate model of the buckling behaviour a large- 
displacement analysis was undertaken using the buckling modes from the eigenvalue 
analysis as an initial imperfection.
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7.5.1. Eigenvalue Buckling Analysis Technique
The eigenvalue buckling analysis in ABAQUS, which uses the *BUCKLE command, 
estimates the critical buckling load of a structure by finding the solution to the classical 
eigenvalue problem. This analysis assumes that the deformation prior to buckling is 
small and hence is only applicable to stiff structures. For problems where the buckling 
modes are likely to occur after large deformations, or for postbuckling analysis, the 
modified Riks procedure discussed in Section 7.6 should be used.
The solution of the eigenvalue problem can be defined with the following equation;
[Ks + X, ■ K q ] = 0
where,
Kg is the elastic stiffness matrix of the structure,
Kq is the initial stress and load stiffness matrix,
\  is the ith eigenvalue or load multiplier,
4>j is the ith eigenvector or buckling mode.
The solution of this equation produces sets of eigenvalues and eigenvectors. For this 
particular model these are the load multiplier and associated buckling mode 
respectively. Therefore, the smallest positive eigenvalue and associated eigenvector are 
the critical buckling load and mode respectively. Due to the generality of the eigenvalue 
buckling analysis, the buckling modes include both those of web and torsional buckling. 
The eigenvalues found by ABAQUS as a solution of the eigenvalue problem are load 
multipliers and therefore, to calculate the critical buckling load, the load specified in the 
ABAQUS input file is multiplied by the relevant eigenvalue.
An eigenvalue buckling analysis sometimes produces negative eigenvalues as solutions 
to the eigenvalue problem. This can either be due to the application of the load in the 
opposite direction to that intended, i.e. effectively a negative load, or because of 
geometric non-linearity. In such cases the mode of buckling can provide an indication 
of whether the negative eigenvalue is due to a negative load, or geometric non-linearity 
in which case the eigenvalue is not applicable and a geometric non-linear analysis
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should be used.
7.5.2. Eigenvalue Buckling Analysis Results
The ABAQUS input file used for the eigenvalue buckling analysis used an applied load 
of 1 kN. Therefore, the eigenvalues produced as a solution of the buckling problem were 
interpreted in kN. The use of the eigenvalue buckling analysis can only estimate the 
buckling load due to the dependency of the buckling resistance and mode on the 
boundary conditions and imperfections in the actual advanced composite/concrete 
beam. For the web buckling mode, the end conditions were effectively fixed at the top 
of the web (where the GFRP composite meets the concrete) and an elastic rotational 
constraint at the lower end of the web.
The eigenvalue buckling analysis results are now discussed for each model separately. 
7.5.2.I. Full Diaphragm Model
The finite element mesh for the full diaphragm model is shown in Figure 7.14. The webs 
consisted of two faces with a transverse diaphragm across the void between the webs. 
The effect of varying the web face thickness and diaphragm thickness on the buckling 
load is shown in Table 7.5. The first four buckling modes of this model are shown in 
Figure 7.15. The first buckling mode was torsional but the second, third and fourth 
modes were all due to buckling of the diaphragms. The third and fourth buckling modes 
possessed a larger buckling capacity than the second mode due to the increasing number 
of buckling waves in the diaphragms.
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Figure 7.14 Finite Element Mesh For Full Diaphragm Model
Table 7.5 Eigenvalues For Full Diaphragm Model
Web Face 
Thickness, mm
Diaphragm 
Thickness, mm Eigenvalue Buckling Mode
0.5 0.5 2.26 Diaphragm buckling
0.5 1.0 11.42 Diaphragm buckling
0.5 2.0 47.53 Diaphragm buckling
1.0 0.5 2.52 Diaphragm buckling
1.0 1.0 12.39 Diaphragm buckling
1.0 2.0 53.1 Diaphragm buckling
2.0 0.5 2.98 Diaphragm buckling
2.0 1.0 13.51 Diaphragm buckling
2.0 2.0 60.29 Diaphragm buckling
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Figure 7.15 First Four Buckling Modes For The Full Diaphragm Model 
7.5.2.2. Web Stiffener Model
The finite element mesh for the web stiffener model is shown in Figure 7.16. The webs 
were comprised of two faces with internal vertical stiffeners at constant intervals along 
the length of the beam. To find the most efficient method of increasing the buckling load 
with respect to the quantity of advanced composite material used, a number of GFRP 
composite thicknesses and stiffener frequencies were used. These are summarised in 
Table 7.6 with the corresponding buckling load and type of buckling mode. Figure 7.17 
shows the first four buckling modes of the web stiffener model. These buckling modes 
consisted of two pairs of modes; the first pair exhibited both longitudinal and transverse 
buckling, whilst the second pair exhibited buckling primarily in the longitudinal 
direction.
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Figure 7.16 Finite Element Mesh For Web Stiffener Model
Table 7.6 Eigenvalues For Web Stiffener Model
Web Stiffener 
Frequency, mm
Web Face 
Thickness, mm
Web Stiffener 
Thickness, mm Eigenvalue
Buckling
Mode
500 0.5 0.5 7.53 Web
buckling
500 1.0 0.5 12.05 Web
buckling
500 2.0 0.5 35.59 Web
buckling
500 0.5 1.0 18.32 Web
buckling
500 1.0 1.0 26.86 Web
buckling
500 2.0 1.0 41.79 Web
buckling
500 0.5 2.0 35.59 Web
buckling
500 1.0 2.0 51.39 Web
buckling
500 2.0 2.0 78.37 Web
buckling
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Figure 7.17 First Four Buckling Modes For The Web Stiffener Model
7.5.2.3. Cellular Web Model
The finite element mesh for the cellular web model is shown in Figure 7.18. The webs 
for this model were comprised of two web faces with internal longitudinal diaphragms 
running the length of the beam. Table 7.7 shows the buckling load and corresponding 
mode for a number of configurations dependent on the web face and stiffener thickness 
and the spacing of the stiffeners. Figure 7.19 shows the first four buckling modes of the 
cellular web model. The buckling mode plots in Figure 7.19 show that the buckling 
modes generally occur in pairs with similar eigenvalues. The buckling mode pairs 
consist of symmetric and asymmetric buckling of the webs, assuming the plane of 
symmetry to be the vertical plane running longitudinally along the centreline of the 
beam. The part of the beam that buckled in all four cases was the vertical GFRP 
composite web faces rather than the diaphragms between the two sets of web faces. The 
first two modes exhibited a rotation at the top of the web faces, whereas the webs rotated 
at the bottom in the third and fourth buckling modes.
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Figure 7.18 Finite Element Mesh For Cellular Web Model
Table 7.7 Eigenvalues For Cellular Web Model
Web Face 
Thickness, mm
Web Diaphragm 
Thickness, mm Eigenvalue Buckling Mode
0.5 0.5 0.35 Web and diaphragm 
buckling
0.5 1.0 0.48 Web and diaphragm 
buckling
0.5 2.0 0.52 Web and diaphragm 
buckling
1.0 0.5 0.80 Web and diaphragm 
buckling
1.0 1.0 1.49 Web and diaphragm 
buckling
1.0 2.0 1.94 Web and diaphragm 
buckling
2.0 0.5 2.05 Web and diaphragm 
buckling
2.0 1.0 3.44 Web and diaphragm 
buckling
2.0 2.0 6.65 Web and diaphragm 
buckling
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Figure 7.19 First Four Buckling Modes For Cellular Web Model
7.5.2.4. Corrugated Web Model
The finite element mesh in Figure 7.20 shows the web configuration for the corrugated 
web model. The webs consisted of a single face with the corrugations curved in the 
longitudinal direction. The buckling loads of the model for different face thicknesses, 
frequency and amplitude of corrugation are shown in Table 7.8. The first four buckling 
modes of the corrugated web model are shown in Figure 7.21. The buckling modes, as 
for the cellular web model, were generally in pairs consisting of a symmetric buckling 
mode and an asymmetric counterpart. From the graphical output of the eigenvalue 
analysis, the part of the beam that buckled was the corrugated web for the first four 
buckling modes. The four buckling modes consisted of two pairs of symmetric and 
asymmetric modes. The difference between the two sets of pairs was that for the second 
pair (modes three and four) the majority of the buckling of the webs occurred at a 
location further from the support than for the first pair of modes. Therefore, a greater 
reaction load at the support (and buckling capacity) was required to cause the buckle
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Figure 7.20 Finite Element Mesh For The Corrugated Web Model
Table 7.8 Eigenvalues For Corrugated Web Model
Web Face 
Thickness, 
mm
Corrugation
Amplitude,
mm
Corrugation
Frequency,
mm
Eigenvalue BucklingMode
0.5 50 2000 0.09 Web
buckling
1.0 50 2000 0.34 Web
buckling
2.0 50 2000 1.40 Web
buckling
3.0 50 2000 2.97 Web
buckling
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Figure 7.21 First Four Buckling Modes For The Corrugated Web Model
7.5.2.5. Sandwich Web Model
The finite element mesh for the sandwich web model is shown in Figure 7.22. For this 
particular model the webs consisted of two faces with an internal foam core. The 
buckling loads for different configurations of foam and web thickness are shown in 
Table 7.9. The first four buckling modes of the sandwich web model are shown in Figure 
7.23. As was observed from the eigenvalue analyses on the web diaphragm and 
corrugated web models, the buckling modes occur in pairs of symmetric and asymmetric 
web buckling of similar eigenvalue. Buckling of the webs occurred near the support in 
all four cases, as opposed to the other probable buckling location at midspan. This was 
due to the continuity of the web at midspan, whereas at the support the web was partially 
restrained on only one side. The first pair of buckling modes exhibited a low buckling 
capacity than the second pair due to the number of waves in the buckle; half a wave 
occurred in modes one and two, whereas a full wave buckle occurred in the third and 
fourth modes.
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Figure 7.22 Finite Element Mesh For The Sandwich Web Model
Table 7.9 Eigenvalues For Sandwich Web Model
Inner Web 
Thickness, mm
Outer Web 
Thickness, mm
Foam Core 
Thickness, mm Eigenvalue
Buckling
Mode
1.0 2.0 12.0 27.5 Web
buckling
1.0 2.0 12.0 27.8 Web
buckling
1.0 2.0 12.0 30.7 Web 1 
buckling
1.0 2.0 12.0 31.3 Web
buckling
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Figure 7.23 First Four Buckling Modes For The Sandwich Web Model
7.5.2.6. Comparison of Buckling Resistance of Different Web Configurations
The eigenvalue buckling analyses described above allowed a comparison of the web 
configurations. The change in buckling load dependent on the amount of composite 
material is shown in Figure 7.24. The sandwich web model is omitted from Figure 7.24; 
the use of the additional foam material meant that no direct comparison could be made 
with the other models.
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Figure 7.24 Change in Buckling Load With Amount of Composite Material 
For Various Web Configurations
The most efficient web configuration for increasing the buckling capacity of the 
advanced composite/concrete beam, in terms of the amount of composite material, was 
the web diaphragm section. The other methods of increasing the buckling capacity 
provided similar eigenvalues to each other.
The full diaphragm model exhibited a non-linear increase in buckling capacity with the 
amount of composite material, with greater increases in the buckling capacity at greater 
face and diaphragm thicknesses. The web diaphragm model showed a linear increase in 
the buckling capacity with the amount of composite material up to a certain point where 
the buckling capacity reached a maximum. This was due to a change in the type of 
buckling mode which was mainly dependent on the width of the web stiffener. At large 
web stiffener widths, buckling occurred in the web stiffener. However, as the web 
stiffener width decreased, the buckling mode moved from the web stiffener to a mode 
where the whole web stiffener-face system buckled as a single body, similar to a single 
web face. Any further decrease in the web stiffener width, or increase in the web 
stiffener thickness, had an insignificant effect on the buckling load. The corrugated and 
cellular web models both showed an approximately linear relationship between the 
amount of composite material and buckling capacity.
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7.6. Large-Displacement Buckling Analysis Technique
In addition to the eigenvalue buckling analyses a large displacement, or post-buckling, 
analysis was used to determine an accurate buckling load of the chosen sandwich web 
model. The eigenvalue buckling analysis described in the previous section allowed a 
comparison of the buckling resistances of the different web configurations. However, 
the buckling behaviour of a real structure is dependent upon imperfections in the 
structure and often occurs gradually. Therefore, an eigenvalue analysis can often give an 
inaccurate estimate of the buckling load of a structure.
The large displacement buckling analysis allowed the gradual buckling of the web to be 
modelled and the post-buckling strength of the webs to be determined. The technique 
available in the ABAQUS FE package to undertake a large displacement buckling 
analysis uses a combination of an eigenvalue analysis and a load-displacement analysis. 
The eigenvalue analysis was used to superimpose an initial imperfection on the 
sandwich web model. The imperfection consisted of a combination of the first four 
buckling modes, the nodal positions of which were then used for the load-displacement 
analysis. The scale of the applied imperfection was such that the maximum initial nodal 
imperfection was 1mm. The FE model with the imperfection was then modelled 
statically using a modified Riks analysis. The modified Riks analysis used the load as an 
additional solution variable, which allowed the possibility of a reduction in load as the 
displacement increased which is typical of an unstable or buckling response. Therefore, 
rather than controlling the load magnitude to allow convergence of the solution, an 
equilibrium path was obtained through a space defined by a load parameter and the nodal 
variables. In addition, the modified Riks analysis assumed that all the loads were defined 
by a single scalar parameter and that the load-deflection response was reasonably 
smooth, i.e. no sudden bifurcation occurred. The solution still used the Newton-Raphson 
method as the basic solution algorithm. The load was recorded as a proportion of the user 
specified applied load, otherwise known as the load proportionality factor. Figure 7.25 
shows a general load-displacement response which a modified Riks analysis could 
model but other load-governed methods would have difficulty in modelling.
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Figure 7.25 Typical Load-Displacement Response For a Modified Riks Analysis
The load, deflection, strain and stress values were recorded at regular intervals by 
specifying a maximum and minimum increment of the load proportionality factor. To 
determine the effect of the scale of the imperfection on the pre and post-buckling 
response additional analyses were carried out with a maximum superimposed nodal 
imperfection of 0.1mm, 0.5mm and 1.0mm.
7.6.1. Large-Displacement Buckling Analysis Results
The post-buckling load-deflection behaviour of the non-linear sandwich web FE model 
for imperfection factors of 0.1, 0.5 and 1.0 is shown in Figure 7.26.
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Figure 7.26 Change in Web Buckling Deflection With Load
It was clear from the post-buckling analysis that the initial imperfection had an effect on 
the load at which the buckling response becomes unstable. Generally, as the initial 
imperfection in the web increased the load at which the unstable buckling response 
occurred decreased. The load at which the unstable buckling response started was 
approximately 45 kN using the nonlinear material FE model and assuming a non-linear 
geometric response.
The post-buckling mode of the FE model is shown in Figure 7.27. The buckling mode 
is of a periodic form with diagonal buckling zones in the webs, which is typical of a web 
shear buckling response.
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Figure 7.27 Contour Plot of Web Buckling Mode in the Non-linear FE Model
7.7. Param etric Study
The various design factors of the advanced composite/concrete beam, which were 
described in detail in Chapter 4, were dependent on a number of parameters. These 
parameters were:
• Thickness of the GFRP and CFRP composite
• Fibre orientation of the GFRP and CFRP composite
• Depth and breadth of the concrete section
• Compressive strength and stiffness of the concrete section
• Type of web configuration
• Breadth to depth ratio of the advanced composite concrete beam
D I S P L A C E M E N T  M A G N I F I C A T I O N  F A C T O R  = 1 . 0 0
R E S T A R T  F I L E  = n o n l i n e a r b e a m r i k s _ 2  S T E P  1 I NC R E M E N T  1 6
T I M E  C O MP LE TED  I N  T H I S  S T E P  1 . 0 4  TO TA L ACCUMULATED T I M E  1 .
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The effect of these parameters on the beam strength, stiffness and buckling capacity was 
determined using the FE model developed for the non-linear FE analysis. To carry out 
the analysis using a series of values for each parameter a FORTRAN program was
Numerical Finite Element Analysis 205
University o f Surrey
written that allowed the relevant parameter to be changed automatically. In addition, the 
results from each analysis were automatically collated in a results file. This procedure 
allowed a large number of FE analyses to be undertaken in a relatively short period of 
time. Table 7.10 shows the parameter values that were used for the FE analyses and the 
particular results that were recorded for each parameter value.
Table 7.10 Variables in the Parametric Study
Parameter Values Effect on beam
GFRP web 
face thickness 
(inner/outer), 
mm
0.3/1.8,0.6/1.5,0.9/1.2, 
1.05/1.05,1.2/0.9,1.5/0.6, 
1.8/0.3
Buckling capacity
GFRP fibre 
orientation, 
degrees
+/-10, +/-20, +/-30, +/-40, 
47-45, +/-50, +/-60, +/-70,
+/-80, UD (long.), u d  
(vert.), 0/90
Strength, rigidity, non- 
linearity
CFRP flange 
thickness, mm
0.3,0.6,0.9,1.2,1.5,1.8, 
2.1, 2.4,2.7, 3.0
Strength, stiffness, non- 
linearity
CFRP fibre 
orientation
UD, 47-45 Strength, stiffness, non- 
linearity
Concrete 
depth, mm
10, 20, 30,40,50, 60 Strength, stiffness
Web core 
thickness, mm
5,10,12,15,20,25, 30, 
35
Buckling capacity
Web core 
stiffness, GPa
0.001-1.0 Buckling capacity
The results from the FE analysis for each parameter are now discussed in separate 
sections. Only one parameter was changed in each analysis, the other parameters 
remaining constant.
7.7.1. GFRP Web Face Thickness
The effect of changing the proportion of GFRP composite material in the inner and outer 
web faces on the buckling capacity of the beam is shown in Figure 7.28.
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Figure 7.28 Effect of GFRP Web Thickness on Buckling Capacity
The plot in Figure 7.28 shows the variation in buckling capacity dependent on the 
thickness of the inner and outer web. A total web thickness (inner + outer) of 2.1mm was 
used, therefore, as the inner web thickness increased the outer web thickness decreased. 
In general, a higher buckling capacity of the web was observed as a greater amount of 
the +/-450 GFRP composite was placed at the outer web as opposed to the inner web.
The effect of the fibre orientation of the GFRP composite used for the web faces in the 
beam on the flexural strength and rigidity are shown in Figures 7.29 and 7.30 
respectively.
7.7.2. GFRP Web Fibre Orientation
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Figure 7.29 Effect of GFRP Fibre Orientation on Advanced Composite/
Concrete Beam Strength
At low fibre angles to the vertical (less than 30°) the fibre angle had little effect on the 
beam strength which was approximately 46 kN. However, as the fibre angle increased 
and became closer to a longitudinal orientation the beam strength increased to a 
maximum of approximately 68 kN. Therefore, from a vertical to a longitudinal GFRP 
fibre orientation the beam strength was increased by almost 50%.
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Figure 7.30 Effect of GFRP Fibre Orientation on Advanced Composite/
Concrete Beam Deflection
Numerical Finite Element Analysis 208
University o f Surrey
The beam deflection at midspan was shown to be significantly dependent on the GFRP 
fibre orientation. At fibre angles to the vertical of less than 30° there was little change in 
the beam deflection, however, from a fibre angle of 30° to 70° the beam deflection was 
reduced by 45% from approximately 22mm to 12mm.
7.7.3. CFRP Flange Thickness
The load-deflection response of the non-linear FE model of the advanced composite/ 
concrete beam with various thicknesses of UD CFRP composite in the flange is shown 
in Figure 7.31. The flexural rigidity and strength of the advanced composite/concrete 
beam increased as the UD CFRP composite thickness increased. In addition, the load- 
deflection response of the advanced composite/concrete beam became closer to linearity 
as the thickness of the UD CFRP composite increased. This was due to the linearity of 
the stress-strain curve for the UD CFRP composite.
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Figure 7.31 Effect of UD CFRP Flange Thickness on Load-Deflection Response
The effect of the thickness of the UD CFRP in the tensile flange on the strength of the 
beam is shown in Figure 7.32.
Numerical Finite Element Analysis 209
University o f  Surrey
70 -
60 -z2C
- 50 -T3(0o_l 40 -
£
=  30 - '5
“ ■ 20 -
10 -
1 20 3
FE Model
UD CFRP Thickness, mm 
Figure 7.32 Effect of UD CFRP Flange Thickness on Beam Strength
In general, the strength of the advanced composite/concrete beam increased as the UD 
CFRP composite thickness increased, although at large thicknesses this effect became 
less significant. A tenfold increase in the UD CFRP composite thickness from 0.3m to 
3.0mm caused an increase in the beam strength of 134%, from approximately 32 kN to 
75 kN. The reason for the more significant increase in beam strength at low thicknesses 
of UD CFRP composite was due to two factors; the failure mode and the depth of the 
neutral axis. At low thicknesses of the UD CFRP composite (less than 0.6mm) the 
failure mode was tensile fracture of the UD CFRP composite. At large thicknesses of 
UD CFRP composite the failure mode was concrete crushing, which the thickness of the 
UD CFRP composite has no direct effect on. However, for the concrete crushing failure 
mode, the UD CFRP composite does have an indirect effect. As the UD CFRP 
composite thickness increases the depth of the neutral axis and the rigidity of the beam 
increase, resulting in a slight increase in the beam strength.
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7.7.4. CFRP Flange Fibre Orientation
Two fibre orientations of the CFRP composite were used in the non-linear FE analysis, 
one at +/-45° and the other at 0° as used in the beam manufacture. The effect of the 
CFRP fibre orientation on the rigidity and linearity of the load-deflection response is 
shown in Figure 7.33.
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Figure 7.33 Effect of CFRP Flange Fibre Orientation on the Load-Deflection 
Response of the Advanced Composite/Concrete Beam
For the case where the off-axis +/-45° CFRP composite was used the initial flexural 
rigidity was reduced and a greater degree of non-linearity occurred in the load-deflection 
response in comparison with the UD CFRP case. In addition, the depth of the neutral 
axis and the strength of the beam were reduced due to the lower longitudinal stiffness of 
the +/-45° CFRP in comparison with that of the UD CFRP composite, 19 GPa and 140 
GPa respectively.
7.7.5. Concrete Section Depth
The depth of the concrete section in the advanced composite/concrete beam had a direct 
effect on the beam strength and rigidity. The change in these two beam properties with 
the depth of the concrete section is shown in Figures 7.34 and 7.35 respectively.
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Figure 7.35 Effect of Concrete Depth on the Advanced Composite/Concrete
Beam Rigidity
In general, there was an approximately linear relationship between the increase in 
concrete depth and failure load of the advanced composite/concrete beam, shown in 
Figure 7.34. The increase in concrete depth from 30mm to 90mm resulted in an increase 
in the failure load of 102%. An increase in the concrete depth also improved the flexural
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rigidity of the beam and reduced the degree of non-linearity in the load-deflection 
response. The increase in concrete depth from 30mm to 90mm resulted in a decrease in 
deflection at midspan of 65%, corresponding to an increase in the beam rigidity of 
189%.
7.7.6. Foam Core Thickness
The thickness of the foam core in the sandwich webs had a significant effect on the 
buckling capacity of the beam. The change in the buckling capacity from the FE 
eigenvalue analysis with the foam core thickness is shown in Figure 7.36.
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Figure 7.36 Effect of Thickness of Foam Core on Buckling Capacity of the 
Advanced Composite/Concrete Beam
Figure 7.36 shows an optimum foam thickness for buckling capacity at approximately 
5mm. On investigation of the buckling modes for each foam thickness it was found that 
at 5mm or less, the webs buckle as a single plate, whereas at thicknesses greater than 
5mm the two web faces buckle independently of each other. Therefore, any further 
increase in the foam thickness did not enhance the buckling capacity of the beam.
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7.7,7. Foam Core Stiffness
In addition to the thickness of the foam core the modulus of elasticity of the foam also 
had an effect on the buckling capacity, shown in Figure 7.37. The modulus of elasticity 
of the core materials in a sandwich system are typically low compared to the face 
materials and therefore only values from 1 MPa to 1 GPa were used.
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Figure 7.37 Effect of Core Stiffness on the Buckling Capacity of the 
Advanced Composite/Concrete Beam
From Figure 7.37 it is clear that continually increasing the core stiffness does not 
necessarily result in corresponding increases in the buckling capacity. The optimum 
buckling capacity occurred at a core stiffness of 200-400 MPa, which was far greater 
than the stiffness of the rigid foam used in the experimental beams (5 MPa). Any further 
increase in the core stiffness led to a reduction in the buckling capacity; the buckling 
capacity at a core stiffness of 1000 MPa was approximately 50% of that for a core 
stiffness of 200-400 MPa.
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7.8. Summary of Numerical Finite Element Analysis
The finite element method was used to model and predict the behaviour of the advanced 
composite/concrete beam for a number of load regimes. In particular, once the linear FE 
analysis was completed a non-linear FE analysis was undertaken to allow an accurate 
prediction of the deflection and strains in the beam near failure and the failure load. The 
linear FE analysis used linear material properties, which predicted the deflections and 
strains to within 5% at the nominal serviceability load of 50% of the ultimate load (or 
25kN). However, at a load of 50 kN (the nominal failure load) the deflection was 
underestimated by 14% and the concrete surface and tensile flange strains were 
underestimated by 28% and 1% respectively. This was due to the non-linear 
characteristics of the concrete and the +/-45° GFRP composite in the beam and, 
therefore, a non-linear FE analysis was developed to allow a more accurate prediction 
of the beam behaviour at loads near the ultimate load. The non-linear FE analysis 
assumed both non-linear geometrical behaviour and material properties. The non-linear 
material properties of the concrete and the +/-450 GFRP composite were user-defined 
and the elastic moduli, shear moduli and Poisson’s ratios were related to the solution- 
dependent variable of longitudinal strain. The results from the small-scale testing 
described in Chapter 3 were used for the non-linear analysis and as a consequence the 
accuracy of the analysis near failure was increased. The failure load was assumed to 
occur at a longitudinal concrete strain of 3500 microstrain at midspan and modelled the 
experimental failure load to within 2%. The concrete surface and the tensile flange 
strain, from the non-linear FE analysis, were within 11% and 1% of the experimental 
results respectively, at failure.
The creep FE analysis used a modification of the non-linear static analysis to model the 
experimental creep behaviour. In addition to relating the material properties to the 
longitudinal strain level, the solution-independent variable of time was used to define 
the material properties. The increase in deflection due to creep at 1000 hours, when the 
rate of increase in strain was minimal, was modelled to within 8% using this method.
The finite element method was also used to compare various web configurations by 
carrying out an eigenvalue buckling analysis. The most efficient web configuration to
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increase the buckling capacity was the web stiffener model, although the experimental 
beams used the sandwich web configuration as this provided sufficient buckling 
capacity and was simpler to manufacture. The eigenvalue analysis of the advanced 
composite/concrete beam was found to underestimate the actual buckling capacity and, 
therefore, a large-displacement buckling analysis was undertaken. This analysis allowed 
the post-buckling strength of the beam to be modelled and provided an improved 
prediction of the buckling capacity of the advanced composite/concrete beam.
A parametric study was also undertaken to investigate the effects of the material 
properties and dimensions on the beam behaviour. The buckling capacity of the beam 
was found to be dependent on the ratio of the inner web thickness to outer web thickness, 
the total web thickness, the foam core thickness and the foam core stiffness. In 
particular, an optimum core thickness existed at which the web buckling mode changed 
from combined buckling of the core and webs (i.e. as a sandwich construction) to the 
web faces buckling independently of one another. The flexural strength of the advanced 
composite/concrete beam was found to be primarily dependent on the concrete section 
depth and the thickness of the UD CFRP composite in the tensile flange, although the 
fibre orientation of the GFRP composite also had a lesser effect The rigidity and non- 
linearity of the load-deflection behaviour of the advanced composite/concrete beam was 
mainly dependent on the fibre orientation and thickness of the CFRP composite in the 
flange with the GFRP fibre orientation having a lesser effect.
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8. Discussion of Results
The design, experimental testing and numerical analysis of the advanced composite/ 
concrete beam (hereafter called the duplex beam) and its constituent materials have been 
presented in the previous chapters of this thesis. A discussion of the experimental, 
theoretical and FE analysis results, the assumptions used for the design equations and 
the advantages and disadvantages of the duplex beam over conventional RC 
construction is presented below. In particular, the suitability of the theoretical and FE 
analysis methods in predicting the experimental response of the beam is examined. The 
effectiveness of using the small-scale coupon test results for the analysis of the duplex 
beam is also discussed. To provide an indication of the relative basic material cost of the 
two types of construction (RC and duplex beam) and the factors that affect this cost a 
preliminary cost study was undertaken, the results of which are discussed in Section 8.6.
8.1. Small-Scale Material Testing
The small-scale testing of the materials used in the duplex beam was carried out to 
enable the calculation of the beam properties, such as flexural strength and rigidity, 
using the theoretical and FE analyses. The programme of small-scale testing under short 
and long term loading provided an indication of the variability in the properties of the 
various materials and data on their behaviour. In addition, small-scale testing was 
undertaken to obtain data on the material properties when the specimens were exposed 
to conditions to which a beam in construction might be subjected.
8.1.1. +/-45° GFRP Composite Coupon Tests
The +/-45° GFRP coupon tests generally exhibited properties similar to those provided 
by the advanced composite manufacturer, although a more detailed knowledge of the 
non-linear behaviour was gathered from the coupon testing. This was of particular 
importance for the +/-450 GFRP composite because the stage at which non-linear 
behaviour commenced in the coupons was at a low stress and strain level compared with 
the stress and strain values in the 1.5m span beams. The tensile tests at room temperature 
of the control specimens showed that the stress-strain behaviour of the material could be
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divided into three regions, shown in Figure 8.1. 
Stress, c
Constant strain along 
length of coupon
Matrix cracking/ 
fibre pull-out
Matrix cracking/ 
fibre-straightening
^-Strain, £
Figure 8.1 Separate Regions of Stress-Strain Behaviour for the +/-45° GFRP
Composite
The first was a linear region with a high modulus of elasticity of approximately 11 GPa 
at strains ranging from 0-1%. This region essentially described the tensile behaviour of 
the GFRP composite prior to onset of failure. The second region exhibited high non- 
linearity due to matrix cracking and fibre straightening and pull-out at strains of 
approximately 1-2%, which indicated the onset of failure. The third region was again 
approximately linear with a low modulus of elasticity and highly variable failure strain 
(although relatively constant failure stress) at strains of 2-10%. Several explanations for 
the variability of the GFRP composite failure strain are possible:
• The location of matrix cracking and fibre pull-out in relation to the strain gauge 
position. In this case, the recorded failure strain would vary from that at onset of 
matrix cracking to that at complete fibre pull-out. This was actually observed; 
failure strains varied from 6% to 9% due to failures away from and at the strain 
gauge locations respectively.
• Matrix cracking on the macro-scale effectively nullifies the role it plays in 
transferring stress between the fibres.
• Fibre pull-out from the matrix may be affected by the presence of voids, which are
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located randomly throughout the composite, resulting in a variable strain at failure.
• The quantity and concentration of voids throughout the coupon. A low failure strain 
may occur due to a concentration of voids at a particular location inducing an early 
failure.
The tensile longitudinal strain present in the duplex beam flange at failure was 
approximately 1.5% strain. Therefore, the +/-450 GFRP composite non-linearity had 
little effect on the failure of the beam, which was dominated by the concrete 
compressive strength. The reason for the highly non-linear stress-strain behaviour of the 
+/-450 GFRP composite was due to the off-axis fibre orientation and, therefore, the 
properties of the matrix material which are inherently non-linear were a major influence 
on the advanced composite behaviour. Due to the large influence of the matrix on the +/ 
-45° GFRP composite, the strain rate of testing also had an effect on the composite 
material properties. Therefore, it was particularly important for the +/-450 GFRP 
composite coupons that a constant tensile strain rate was used for all comparative tests. 
In the CRAG (1988) test standards it is stated that the crosshead displacement rate of the 
test apparatus should be such that failure of the coupon occurs between 30 and 90 
seconds. This is due to the dependence of the FRP viscoelastic material properties on the 
strain rate.
The effect of temperature on the +/-450 GFRP composite material was also studied to 
investigate the suitability of the material for use in expected surface temperature 
extremes in the United Kingdom. The influence of temperature on the material 
properties of advanced composites, particularly off-axis composites where the resin 
matrix properties dominate, is significant due to the viscoelastic nature of the polymeric 
material. The failure stress of the +/-450 GFRP composite material decreased by 14% on 
testing at elevated temperatures; the failure stress decreased from 158.8 MPa to a 
minimum of 136.0 MPa. This reduction in failure stress was probably due to two effects; 
the reduction in the tensile strength of the matrix due to degradation of the polymer 
bonds in the resin and fibre pull-out from the matrix at a lower stress level than that at 
RT. However, the modulus of elasticity in the first region of the stress-strain curve was 
more severely reduced as the temperature increased. The modulus of elasticity of the 
GFRP composite was reduced by 18% and 37% when tested at 45 °C and 60 °C
Discussion o f Results 219
University of Surrey
respectively, when compared with the control specimens. The stress and strain at which 
matrix cracking and fibre straightening (the second stage) occurred were also reduced at 
higher temperatures. This was solely due to molecular vibrations of the polymer matrix 
and hence softening of the matrix at elevated temperatures, as the fibres exhibit 
negligible reduction in their mechanical properties in the temperature range of 22 °C to 
60 °C. For the control specimens the stress and strain at which matrix cracking occurred 
were approximately 100 MPa and 1.5% respectively, but 75 MPa and 1.2% respectively 
at a temperature of 60 °C.
Testing at temperatures greater than 60 °C was not undertaken as the temperatures were 
chosen to represent those that would be typical in the built environment in the United 
Kingdom and due to the curing regime of the advanced composite material. The curing 
temperature of 60 °C was chosen because it ensured an adequate quality of the 
composite material in terms of mechanical properties and this temperature was seen to 
be appropriate for applications where autoclaves were not available. The minimum 
temperature of cure recommended by the advanced composite manufacturer for the 
particular LTM26 matrix material used in this study was 50 °C, with a corresponding 
longer cure period than that used at 60 °C. The glass transition temperature (Tg) of the 
advanced composite material was greater than the actual cure temperature; a generally 
accepted value of Tg is 20 °C greater than the cure temperature. There is a limiting value 
of Tg and for this particular polymer it was approximately 130 °C irrespective of the 
cure temperature. This was significant as the glass transition temperature determines 
when the epoxy resin becomes less ‘glassy’ and plastic behaviour of the advanced 
composite material is exhibited. To increase the temperature resistance of the material 
either a higher initial cure temperature or post-cure of the advanced composite material 
is required.
The effect of exposure of the +/-450 GFRP composite coupons to various environments 
was investigated to provide further data on the properties of the composite material in 
real applications. The weathering of the coupons using a humid atmosphere and UV 
light showed that the durability of the GFRP composite material was good at exposure 
periods equating to 4-5 years in the British Climate (Q-Panel, 2001). The maximum 
reduction in tensile strength and stiffness of the material after 2000 hours of weather
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exposure compared to the control specimens was 24% and 13% respectively. This 
reduction in strength and stiffness was similar to that observed after immersion of the 
GFRP composite in a road salt solution for 2000 hours, which proved to be the most 
severe immersion test. Testing of the road salt solution coupons showed the strength and 
stiffness to decrease by 25% and 19% respectively in comparison to the control values. 
The tensile failure mode of the GFRP composite material was unchanged by any of the 
immersion or weathering tests, with no premature delamination of the GFRP plies or 
corrosion of the glass fibres occurring. The other solutions that were used, namely water 
and diesel, did not affect the GFRP composite material properties as severely as the road 
salt solution. Two possible reasons for the varying severity of the different immersion 
tests are:
• The reactivity of each solution with the matrix and fibre of the advanced composite.
The material properties of the +/-450 GFRP composite are more dependent on the 
matrix properties than those of the UD CFRP due to the fibre orientation. Therefore,
an environment that degrades the matrix would have a greater effect on the +/-450 
GFRP composite than the UD CFRP composite.
• Water ingress along the fibres causing debonding of the fibre and polymer matrix 
interface.
For the environments used in this study, the reduction in material properties was always 
greater for the +/-450 GFRP composite compared to the UD CFRP composite. 
Therefore, the strength and stiffness of the composite is a function of the interface bond 
and transfer of load between the fibre and matrix which is affected by the chemical 
reaction between the solution and the matrix. Therefore, in view of the respective 
reductions in the strength and stiffness of the +/-450 GFRP composite and UD CFRP 
composite, it is probable that the various environments had an effect primarily on the 
matrix as opposed to the glass or carbon fibres.
Due to the small sample sizes used for the GFRP composite coupon tests, a statistical 
study was carried out to determine if the deviations from the control material properties 
were only due to the sample variation or actually due to the effects of immersion or 
weathering. The one-tailed t-test was used as opposed to the two-tailed t-test as the
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weathering and immersion tests were only expected to cause a decrease in the GFRP 
composite properties. To use the one-tailed t-test it was assumed that the tensile strength 
and stiffness of the material followed a normal probability distribution. The mean values 
of strength and stiffness of the exposed and control coupons were then compared by 
testing if the difference in the means was significant at levels of 5% and 1%, the 1% level 
being the more severe test. By using this method the spread in results from the testing of 
each set of coupons was taken into account and a more reliable estimate of degradation 
was achieved. The only tests that were not found to be significant at the 5% level were 
from the coupons immersed in water for 2000 hours and the shorter UV exposure 
periods.
The long-term tensile tests, or creep tests, that were undertaken on the +/-450 GFRP 
composite coupons highlighted the influence of the matrix on the composite properties 
when an off-axis fibre orientation is used. For the same coupon size as that used for the 
short-term tensile tests (25mm x 250mm) the longitudinal strain increased from 
approximately 0.75% to almost 3% after 1200 hours, after which the increase in strain 
was small. However, further tests on coupons with differing free lengths and aspect 
ratios showed that the creep properties were dependent on the coupon free length and 
aspect ratio. The three extra sets of coupons, two of which used a width of 25mm and 
one of which used a width of 90mm, all showed a similar initial elastic strain. Table 8.1 
shows the coupon dimensions and aspect ratio for each set and the average longitudinal 
strain at various intervals.
Table 8.1 Effect of Coupon Dimensions on Creep Properties of +/-45° GFRP
Composite
Width, mm Free length, mm Aspect ratio
Initial
elastic
strain
Strain at 
100 hours
Strain at 
1000 hours
25 83 3.32 0.797% 1.441% 1.958%
25 150 6.00 0.747% 2.161% 2.976%
25 225 9.00 0.781% 3.923% 4.931%
90 300 3.33 0.752% 1.680% 2.163%
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The reason for choosing a width of 90mm for the wide coupons was to emulate the 
aspect ratio of the +/-450 GFRP composite material used in the duplex beam tests. In 
particular, the effect of fibre continuity from one end of the coupon to the other on the 
strength and stiffness was required to be determined so that an accurate numerical 
analysis and prediction of the creep behaviour of the duplex beam could be undertaken. 
It was expected that the wider 90mm coupons, where the fibre continuity was greater 
than that of the narrower 25mm width coupons, would exhibit a lower increase and rate 
of creep strain due to the lesser influence of the matrix on the composite behaviour. 
Contrary to this, the wide 90mm coupons showed a larger initial creep strain rate and 
higher strains in general. From the other 25mm width coupon tests it would appear that 
the parameter that affected the creep strain was the free length of the coupon. In 
particular, the coupons which had a free length of 83mm and 300mm, but which had the 
same aspect ratio, exhibited vastly different creep responses. The relationship between 
the free length and creep strain rate of the coupons was not linear, although generally it 
can be concluded from these creep tests that a larger free length results in a larger creep 
strain rate.
8.1.2. UD CFRP Composite Coupon Tests
The tensile tests on the UD CFRP composite coupons confirmed the linear stress-strain 
behaviour of the material. The most severely degraded coupons were those tested at a 
temperature of 60 °C, resulting in a loss in tensile strength of approximately 21%. 
However, the tensile stiffness of the UD CFRP composite was not significantly affected 
by exposure to any of the adverse environments used in the test programme. Although 
the high tensile properties of the UD CFRP composite coupons were primarily due to 
the fibre orientation, the tensile strength depends not only on the fibre properties but also 
on the degree of stress transfer between the fibres, a function performed by the matrix. 
The tensile stiffness of the UD CFRP composite coupons at failure is relatively 
unaffected by any degradation in the matrix properties. Therefore, one possible reason 
for the decrease in tensile strength but not tensile stiffness is due to a reduction in the 
matrix properties caused by the testing environment. The tensile stiffness of a UD 
advanced composite is primarily dependent on the fibre volume fraction and would 
therefore not be significantly affected by a reduction in the matrix properties. However,
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in terms of strength, the matrix enables stress transfer from weaker to stronger fibres. If 
the matrix was not present the failure of the weaker fibres would cause stress 
concentrations to occur and premature failure of the composite. In addition, the UV 
exposure generally had very little effect on the material properties of the UD CFRP 
composite. The low creep of uni-directional FRP’s was also confirmed from long-term 
creep tests, with only a 0.6% increase in longitudinal strain over 2000 hours of loading 
at 20% of the failure load. However, a reduction in transverse strain and hence Poisson’s 
ratio occurred. This was probably due to relaxation of the matrix (which is a viscoelastic 
material) occurring over time allowing a decrease in transverse strain between the fibres.
The environmental coupon tests showed that the test conditions that most severely 
affected the strength and stiffness properties of both the UD CFRP and +/-450 GFRP 
composite coupons was a saturated solution of road salt. This result was particularly 
important as a common use of advanced composites in construction is in highways and 
bridges, where the probability of the presence of road salt is higher than in other 
structures. A saturated road salt solution (as opposed to a more dilute solution) was used 
so as to provide the most severe conditions that may occur in service.
8.13. Concrete Tests
The concrete material properties were determined using cube and cylinder tests in 
compression. Concrete is a material that exhibits variations in its properties even under 
strict curing and testing conditions and some variability was observed from the cube and 
cylinder tests. The cube tests that were carried out for each beam, which were from 
separate batches but with the same mix design and constituent material proportions for 
a target strength of 40 N/mm2, gave compressive strengths ranging from 40.35 N/mm2 
to 54.07 N/mm2 (a variation of 34%). The compressive modulus of elasticity of concrete 
is dependent on the compressive strength (Neville, 1995), but is generally less variable, 
assuming the quality of the concrete is good and voidage is low. A variety of relations 
have been used to determine the modulus of elasticity from the compressive strength, 
ACI 318-89 (ACI, 1994a), ACI 363R-92 (ACI, 1994b), which assume the modulus of 
elasticity to be proportional to the compressive strength raised to a power less than one. 
Using this assumption, the variability in the modulus of elasticity should be less than that
Discussion o f Results 224
University of Surrey
of the compressive strength, which was observed from the cylinder tests; the modulus of 
elasticity ranged from 25.4 GPa to 29.7 GPa (a variation of 17%). Due to the small 
volumes of concrete used in the duplex beams, the maximum aggregate size was limited 
to 10mm, which was 25% of the smallest dimension of the concrete section. The 
workability of the concrete mix was not of such importance as only a plain concrete 
section was required (except for the bolted duplex beam) with no inclusions which 
allowed the concrete slurry to flow freely under vibration. Although no slump tests were 
carried out it was readily observed that the concrete mix was of medium to high 
workability.
8.1.4. Shear Pull-off Tests
The shear pull-off tests that were undertaken to determine the suitability and strength of 
the advanced composite/epoxy adhesive/concrete interface showed that the bond 
strength was solely dependent on the quality of the surface concrete. To enhance the 
bond strength the concrete surface was grit-blasted to reveal aggregate prior to bonding 
of the two adherends using the two-part 3M 9323 A/B epoxy adhesive. This technique 
was also used for the manually bonded duplex beams and, therefore, the bond strength, 
quantified by the shear pull-off tests was directly applicable to the beam tests. After 
failure it was observed that the top surface of the concrete, including some aggregate 
which had sheared away from the concrete block, was still bonded to the GFRP 
composite coupon. The bond shear strength was found to be relatively low compared to 
similar work undertaken by Quantrill (1996). However, the concrete strength in that 
study was greater and therefore a corresponding increase in the shear strength of the 
plain concrete was to be expected. The shear strengths of the +/-450 GFRP composite 
material, epoxy adhesive and plain concrete were approximately 193 N/mm2 (the inter- 
laminar shear strength obtained from the advanced composite manufacturer), 30 N/mm2 
and 0-4 N/mm2 respectively, assuming the shear strength of the plain concrete to be 
approximately 10% of the compressive strength. The only possible method of increasing 
the bond strength of the adhesive bonding method would be to increase the strength and 
stiffness properties of the concrete, up to a limit defined by the shear strength of the 
epoxy adhesive. However, from the beam tests undertaken in this study, the bond 
strength was found to be far greater than that which would be required in service.
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8.2. Design and Theoretical Analysis of the Advanced 
Composite/Concrete Beam
The initial design and theoretical analysis of the duplex beam was carried out using the 
relevant material properties determined from the small-scale testing described in 
Chapter 3. The use of the small-scale test results assumed that any scale effects on the 
constituent materials were negligible with respect to stiffness and strength. The flexural 
rigidity and strength of the duplex beam were calculated using simple beam bending 
theory and transformed sections due to the presence of more than one material.
Typically, the most important design factors of conventional structural elements are 
strength, so that collapse can be avoided, and rigidity, so that the structure does not 
become too flexible and the deflections do not become so large as to be perceived unsafe 
by the general public. Therefore, these were the initial design factors that were 
investigated for the duplex beam.
8.2.1. Flexural Rigidity and Strength
The calculation of the flexural rigidity was of importance as without previous guidelines 
or estimates of span/depth ratios for duplex beams the dimensions of the beam and its 
elements could not be determined. Using the top surface of the concrete as a convenient 
datum an equation for the level of the neutral axis (dependent on the constituent material 
dimensions, position and moduli of elasticity) was determined followed by calculation 
of the flexural rigidity, EL The foam core material was included in this calculation for 
completeness, although its contribution to the flexural rigidity of the duplex beam was 
negligible due to it’s low modulus of elasticity. The theoretical analysis of the duplex 
beam cross-section also allowed the influential factors on the flexural rigidity to be 
noted, such as the depth of the neutral axis and the lever arm of the UD CFRP composite 
in the tensile flange.
The flexural strength of the duplex beam was dependent on the failure mode. Two 
flexural failures were possible, compressive failure of the concrete in crushing and a 
tensile failure of the flange. The other failure modes based on shear, buckling and bond
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strength were checked once the design of the duplex beam had been completed based on 
flexural strength. Of the two flexural failure modes mentioned above, the compressive 
failure of the concrete was chosen as the more suitable failure mode. This was based on 
the fact that the stress-strain curve for concrete exhibits a greater non-linearity than that 
for the UD CFRP composite material in the flange. Therefore, the tensile failure mode 
would have caused a more brittle and catastrophic failure of the duplex beam. The 
progressive failure of the duplex beam, assuming a tensile failure mode, was predicted 
to be:
• A tensile failure of the UD CFRP composite in the hybrid CFRP/GFRP tensile 
flange.
• A complete collapse of the structural unit, caused by a decrease in the depth of the 
neutral axis and tensile cracking of the concrete section.
There would be very little ductility associated with the tensile failure mode, due to the 
large increase in stress that the GFRP composite in the tensile flange would experience 
after failure of the UD CFRP and the poor tensile strength of concrete.
The failure of the duplex beam, assuming a compressive failure mode, was predicted to 
be a compressive failure of the concrete section. This is associated with an increase in 
ductility due to the non-linear characteristics of the concrete near failure. On crushing of 
the concrete section, an increase in the depth of the neutral axis occurs and causes 
buckling of the GFRP composite permanent shuttering. The final stage of the failure 
mode is flexural failure of the hybrid advanced composite tensile flange.
A similar choice of failure mode occurs with RG beams; the beam can either be over­
reinforced, causing a compressive failure of the concrete, or under-reinforced, causing 
yield of the tensile steel reinforcement. However, in this case the ductile response that 
provides some warning of collapse is the tensile failure mode due to yield of the tensile 
steel reinforcement. A balanced section occurs when the section is designed to fail by 
concrete crushing and yield of the tensile steel reinforcement simultaneously.
Based on the above observations the compressive failure mode of the duplex beam was
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assumed. ,)The corresponding flexural strength was calculated by using the force 
equilibrium method in which the tensile and compressive forces are equated and 
moments are taken about a suitable datum. The basis of the design of the duplex beam 
was to create a cross-section that had a similar flexural strength to that of a balanced RC 
beam section of similar dimensions. Due to the dependency of the flexural strength on 
all the duplex beam dimensions and material thicknesses, the only plausible method of 
calculating the failure modes of the system was to set up its design equations in a 
spreadsheet; this allowed an iterative approach to be used. This also enabled the other 
design factors and failure modes of the duplex beam, described in Chapter 4, to be 
determined concurrently with the flexural strength.
8.2.2. Shear Rigidity and Strength
The shear strength and rigidity of the duplex beam was also calculated to avoid a shear 
failure and, in addition, to determine the total deflection which was comprised of both 
flexural and shear components. It is usually assumed for box-beams that the shear 
rigidity is solely provided by the webs. This assumption was used for the duplex beam 
and therefore the two sets of web faces were assumed to provide the shear rigidity of the 
structural unit. The shear rigidity of a conventional structural member is typically 
sufficient to ensure that shear deflections are negligible. However, for the novel duplex 
beam described in this study the shear deflection was found to account for 
approximately 10% of the total deflection (the sum of the flexural and shear deflection) 
for the four-point bending arrangement used in the beam tests. As the total deflection of 
the beam was dependent on both the flexural and shear rigidity, the fibre orientation of 
the GFRP in the webs was of critical importance. If the fibre orientation in the webs of 
the duplex beam had been orientated in the longitudinal direction the flexural deflection 
would have been minimised, however, the shear deflection would have accounted for a 
much larger proportion of the total deflection due to the significant decrease in the shear 
modulus of the GFRP webs. The actual optimum fibre orientation in the webs (in terms 
of deflection) is therefore dependent on the loading regime to which the duplex beam is 
exposed. For applications where the dominant forces are due to flexure as opposed to 
shear then a uni-directional fibre orientation in the webs would minimise the deflection 
of the beam, although in shear dominated applications this would not necessarily be the
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case.
The calculation of the shear strength of the duplex beam assumed that the sandwich 
webs, compressive concrete section and tensile flange all had a contribution. However, 
the shear strength of the duplex beam was primarily dependent on the GFRP web shear 
strength, which contributed over 90% of the total for a +/-450 fibre orientation. The shear 
strength of the duplex beam when compared to that of the corresponding RC beam with 
minimum shear links was found to be approximately ten times as great. Therefore, the 
shear strength of the duplex beam was not a critical design factor whereas, in 
conventional construction, RC beams require the provision of shear links to ensure 
adequate shear strength exists.
8.2.3. Buckling Capacity
The buckling capacity of the duplex beam was checked concurrently with the beam 
strength and rigidity using the iterative spreadsheet calculations. To prevent lateral 
torsional buckling of the duplex beam the breadth to depth ratio was limited to a constant 
of 3, a value typically used for box-beams (Deskovic et al, 1995a). In addition, to ensure 
the torsional buckling capacity of the duplex beam was adequate, a finite element 
eigenvalue analysis was undertaken which is discussed in Section 7.5. Two types of 
buckling of the webs were analysed, web shear buckling and direct compression 
buckling. The web shear buckling analysis, presented in Appendix A, used the theory 
described by Timoshenko and Gere (1961) and showed the web shear buckling mode to 
be dependent on both the transverse and longitudinal flexural rigidity and the shear 
modulus of the web. For the particular case of the +/-450 GFRP webs used in this study 
the transverse and longitudinal flexural rigidity of the material in the short term are 
equal, as are the Poisson’s ratios in the two orthogonal in-plane directions. The 
calculation of the direct compression buckling capacity, also presented in Appendix A, 
used the analysis described by Iyengar (1988) and was found to be the more critical 
buckling failure mode. The accurate analysis of the buckling capacity was dependent on 
the end conditions of the GFRP webs which in the current case were approximated to 
allow an initial analysis to be undertaken. In particular, the top and bottom of the webs 
have end conditions that have a fixity between simply supported and clamped. Although 
the calculation of the buckling capacity was possible if an elastic rotation of the top and
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bottom of the webs was assumed, further detailed experimentation of the fixity for the 
top and bottom of the webs would have been required.
The finite element eigenvalue and post-buckling analyses were undertaken to determine 
the buckling capacity of the duplex beam. Using the eigenvalue analysis the web 
buckling capacity was found to be 7.91 kN. This was clearly an underestimate as the 
experimental beam tests, described in Chapter 6, showed no indication of web or 
torsional buckling at this or a greater load. This discrepancy could be due to either one 
of two reasons. The first reason, which was mentioned previously in Chapter 7, is that 
the buckling capacity of the webs is highly dependent on the fixity of the ends of the 
web. The fixity of the webs in the FE model was based on the material properties of the 
web/flange connections and as such could not be defined explicitly. Furthermore, an 
accurate definition of the elastic rotational constraint at the ends of the webs would only 
be possible if detailed buckling experiments were undertaken on the web/flange 
sections. The second possible reason is that in the FE model it is assumed that a sudden 
buckling or bifurcation response occurs. Therefore, the presence of any post-buckling 
strength is ignored when the eigenvalue analysis is used. To overcome this problem a 
post-buckling analysis was undertaken which modelled a gradual buckling failure and 
took into account the material strength in the post-buckling region of the analysis. Using 
this technique a buckling capacity of 45 kN was calculated, which was not significantly 
affected by the initial imperfection applied to the web to force the onset of buckling. 
From the static beam tests, the buckling capacity was at least 50 kN as no buckling 
deformation of the webs was measured or observed. Therefore, the accuracy of the post- 
buckling solution could not be calculated, however, it was an improvement on the 
simpler, but less accurate, eigenvalue analysis.
8.2.4. Methods of Achieving Composite Action Between the Composite 
and Concrete
At the initial design stage of the duplex beam it became evident that the strength and 
rigidity of the section were dependent on the level of composite action that was achieved 
between the advanced composite and concrete components. This in turn was dependent 
upon the method of bonding employed and the quality of the bond. Therefore, three
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techniques, described in Sections 4.6 and 5.2, were used to maximise the level of 
composite action and hence the efficiency of the beam. To summarise, the first method 
used vertical indents in the GFRP composite permanent shuttering, the second method 
used an epoxy adhesive to bond the concrete to the GFRP composite section and the 
third method used a mechanical connection whereby bolts were placed through the 
concrete and GFRP composite permanent shuttering. The bond strengths of the second 
and third techniques were determined using a theoretical analysis and data from the 
small-scale testing programme. For the adhesive bonding technique it was assumed that 
a constant shear stress was present in the bond along the complete length of the beam on 
the vertical sides of the permanent shuttering. The bottom plate was ignored in the bond 
shear strength calculations as there was no reliable way of ensuring the quality of the 
bond in that region. Although the bond shear strength using the 3M 9323 A/B two-part 
epoxy adhesive was lower than expected in comparison with that obtained by Quantrill 
(1996), the large bond area ensured that the strength of the bond was adequate up to 
flexural failure of the duplex beam. The shear strength of the adhesive bond would only 
have been surpassed if a high strength concrete with a cube strength of greater than 100 
N/mm2 was used; the failure mode of the duplex would then change from compressive 
crushing of the concrete to fracture of the tensile flange.
For the third method of achieving composite action, using bolts, the stress on each bolt 
was calculated by two different methods. The first method assumed the compressive 
force in the concrete to be averaged between all the bolts. This was not necessarily true 
due to the fact that the bending moment was less at the bolt positions nearer the supports 
of the beam. Using an analysis whereby the change in compressive force in the concrete 
at each bolt interval was used, the force on each bolt was calculated individually. From 
this analysis it was found that the force on each bolt was slightly greater than that 
calculated assuming the bolts share the compressive force equally, except for the bolts 
at the extreme ends of the beam; these bolts experienced a lower force. Whether the first 
or second analysis was used, the critical failure mode was a bearing failure of the +/-450 
GFRP composite in the local area of the bolts. The bearing strength of the +/-450 GFRP 
composite was dependent on the tightness of the bolt and nut. Therefore, it was 
conservatively assumed that each nut was only fingertight, which gave a bearing 
strength of approximately 800 N/mm2 (Tsai, 1987).
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8.3. Discussion on Experimental Results
The experimental program of beam testing that was undertaken in the current study 
included static, creep and fatigue tests. The static beam tests allowed the theoretical 
assumptions and predictions of failure mode, strength and rigidity to be verified or 
otherwise and provided a comparison of the different methods used to effect composite 
action between the concrete and composite sections. A numerical FE model and analysis 
was developed in tandem with the experimental programme to allow an accurate 
simulation of the experimental behaviour. Once the FE model of the duplex beam 
accurately described the beam behaviour it was also used to predict other failure modes 
and to investigate the effect of the beam dimensions, material properties and thicknesses 
on the design factors.
8.3.1. Short-term Duplex Beam Tests
The static four-point bending tests, seven of which were undertaken, allowed a reliable 
estimate of the duplex beam strength and deflection to be determined. All the beams, 
except for beam S2, exhibited a compressive failure mode whereby crushing of the 
concrete section occurred in the immediate vicinity of the loading points. This particular 
failure mode was the one predicted and designed for using the linear theoretical analysis 
and provided some ductility in the load-deflection response near failure. However, the 
deflection of the duplex beam near failure was greater than that predicted from the linear 
theoretical analysis due to the nonlinear stress-strain response of the concrete and +/-450 
GFRP composite components. At failure of the concrete section the tensile flange was 
at approximately 93% of its tensile capacity, therefore utilising the full strength and 
stiffness of the GFRP/CFRP composite hybrid flange. The compressive failure mode of 
the duplex beam was solely dependent on the compressive strength of the concrete 
which exhibited a high variability from the cube tests undertaken for each beam. 
Therefore, a similar degree of variability was expected for the failure strength of the 
duplex beams. However, from the static tests on beams S3, S5, S6 and S7 the maximum 
difference in the failure strength was only 7%. On inspection of the concrete strains 
recorded during the static beam tests it was clear that although the failure strain of the 
concrete was highly variable, ranging from 3500-4500 microstrain, this variation had 
little effect on the failure strength. This was due to the fact that at such high strain levels
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the stiffness of the concrete was reduced and caused an increase in deflection with only 
a small increase in load. The variation in the deflection at failure of the static beam tests 
confirmed this, ranging from approximately 20mm-25mm. The progression of failure 
after crushing of the concrete showed that the GFRP composite permanent shuttering 
buckled as predicted with a compressive failure of the web immediately below the 
location of the failed concrete. However, complete collapse of the duplex beams was not 
observed as once the concrete section had failed and the deflection increased 
significantly, the pressure in the pneumatic loading system and the applied load was 
quickly lost, leaving the tensile flange intact. The final recorded strain of the tensile 
flange was approximately 1.3%. Therefore, it is apparent that if a dead load had been 
applied to the duplex beam then failure of the CFRP/GFRP composite hybrid flange 
would have occurred.
The beam design carried out in Chapter 4 proved to accurately model the flexural 
strength and initial rigidity of the static beam tests. The theoretical flexural strength of 
the duplex beam was calculated as 46.95 kN, which was within 5% of the average 
experimental failure load of 49.53 kN. The primary factor that affected the theoretical 
flexural strength was the concrete stress block used at failure; due to the similarities of 
the compressive concrete section in both the beam described in this thesis and an RC 
beam, the idealised stress block in BS 8110 (1985) was used. The underestimate of the 
experimental flexural strength may have been due to the partial confinement of the 
concrete section in the beam caused by the permanent shuttering which would increase 
the failure strain of the concrete (a similar effect occurs in FRP confined concrete 
columns as described by Mirmiran and Shahawy, 1998 and Spoelstra and Monti, 1999) 
and hence the failure load of the beam. Flexural testing by Hulatt et al, 2000, on an 
duplex beam with confined concrete exhibited an increase in the compressive strength 
of the concrete and hence the flexural strength of the beam. The increase in the 
compressive strength of the concrete due to confinement caused a change in the failure 
mode from a crushing failure of the concrete to a tensile failure of the flange. It was 
noted that if the strength of the tensile flange was increased the full strength capacity of 
the confined concrete could be developed. The assumed failure strain of 3500 
microstrain for the concrete was less than that observed experimentally, which varied 
from approximately 3500-4500 microstrain for the static beams S3, S6 and S7. The load-
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deflection behaviour of the static beam tests, up to the nominal serviceability load of 25 
kN, did not exhibit a large degree of non-linearity and therefore the linear theoretical 
analysis adequately predicted the experimental deflection and strains to within 5%. The 
total deflection of the beam under load consisted of both flexural and shear components. 
The shear rigidity of the beam was dependent on the shear moduli of the constituent 
materials, which were obtained from the manufacturer’s catalogue. Therefore, the 
theoretical shear deflection was less accurate than the flexural deflection which was 
based on experimentally determined material properties. However, the shear deflection 
accounted for only approximately 10% of the total deflection (based on the design 
described in Chapter 4) and, therefore, a variation in the shear moduli would not have 
significantly affected the theoretical results.
Of the bonding methods utilised in the duplex beams to effect composite action, the 
manual and injection methods were found to provide the most reliable bond between the 
composite and concrete. This was due to the quality of the bond that was achieved (in 
terms of bond area and strength) and the absence of stress concentrations, which were 
present in beams SI and S4 due to indents and bolts respectively. This was particularly 
apparent for beam S4 where the rigidity and degree of composite action were low due to 
cracking of the concrete in the vicinity of the bolts.
83.1.1. Ductility of the Compressive Failure Mode
A ductile failure mode is often preferential in structural applications so that a warning 
of imminent collapse can be provided. One method of improving the ductility of the 
duplex beam failure mode would be to omit the UD CFRP composite in the tensile 
flange which contributes to the brittleness of the beam response under load. However, 
such an approach would reduce the rigidity of the duplex beam by a significant margin 
leading to unacceptably large deflections. Another method would be to use a large safety 
factor on the failure strength of the duplex beam. For conventional structural members, 
such as reinforced concrete, partial safety factors are used on the applied loads and also 
the materials which often exhibit some variability. For a duplex structural unit the partial 
safety factors on the applied loads would be unchanged, however, due to the more 
reliable nature of the strength of advanced composites the required material partial 
safety factors would be less than those for other materials. Therefore, a relatively high
Discussion o f Results 234
University of Surrey
level of safety would be acquired on the failure strength of the duplex beam compared 
to that of RC construction, assuming the same loads are applied to beams with similar 
sectional properties. Other methods of improving the ductility of concrete in 
compression are possible, for example by the confinement of concrete.
8.3.2. Long-term Duplex Beam Tests
The long-term beam tests consisted of:
• Three creep beam tests under a constant load of 50% of the failure load with 
subsequent static four-point bending tests.
• One fatigue beam test cycling from zero to 40% of the failure load with a subsequent 
static four-point bending test.
• One set of two half-beams exposed to 200 freeze/thaw cycles with a period of 24
hours and minimum and maximum temperatures of -20 °C and +50 °C with 
subsequent static three-point bending tests.
• One set of two half beams exposed to a warm humid environment for 200 days with
a temperature and relative humidity of 36 °C and 98% respectively with subsequent 
static three-point bending tests.
8.3.2.I. Creep Beam Tests
Based on the small-scale material tests described in Chapter 3 the creep behaviour of the 
duplex beam was expected to be mainly dependent upon the creep properties of the 
concrete and +/-450 GFRP composite. The creep beam tests showed this to be the case, 
with an increase in the concrete surface strain due to creep of between 74% and 119% 
after six months for the three beams Cl, C2 and C3. Conversely, the increase in 
longitudinal strain at the tensile flange was a relatively small 28-30% after six months 
due to the presence of the UD CFRP composite in the flange. Correspondingly, the depth 
of the neutral axis increased with time to a maximum average depth of 52mm at six 
months. On subsequent static four-point bending tests the creep beams showed a small 
increase (6%) in the average rigidity and a slight decrease (7%) in the average failure 
load compared to that of the static beam tests, although the variability between the creep 
beam strengths was approximately 20%. Comparing the creep properties of the duplex 
beams with those of RC beams, the duplex beams exhibited a smaller increase in
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deflection due to creep after 28 days of 19% compared to 33% (Quantrill, 1996) at a 
maximum initial concrete stress level of 50% of the failure stress. On removal of the 
sustained load and subsequent static testing, the duplex beams Cl, C2 and C3 exhibited 
a similar reduction in strength compared to those from RC beam tests carried out by 
Quantrill, 1996, even though the creep duration for the duplex beam was six months 
compared to 28 days for the RC beams. The RC beam tests showed a reduction in 
strength of approximately 3% after a creep duration of 28 days. Furthermore, the 
selfweight of members manufactured from conventional materials can contribute 
significantly to the total load on the member. However, due to the lightweight 
construction of the duplex beam, the selfweight was reduced by approximately 75% 
compared to an RC beam. This would reduce the total deadweight on the member and, 
therefore, also reduce the increase in deflection due to creep.
8.3.2.2. Fatigue Beam Tests
The fatigue beam test that was undertaken also showed the advantages of the use of 
advanced composites in construction. The fatigue properties of the duplex beam were 
expected to be superior to those of a similar RC beam, due to the fatigue resistance of 
UD CFRP composite. During the fatigue test the concrete was in compression and was 
therefore expected to show little degradation due to fatigue. The +/-450 GFRP composite 
was in both tension and compression, depending on it’s location in the beam. The stress 
levels in the GFRP composite were not large in comparison to the failure stress, reaching 
a maximum of 33% of the tensile strength.
After 10 million cycles at 40% of the failure load of the duplex beam only the concrete 
section had partially failed, with transverse cracks present in the vicinity of the loading 
points. The reduction in the flexural rigidity of the duplex beam at 3 million cycles was 
approximately 25% which was primarily attributable to the minimal stiffness of the 
concrete due to cracking (the concrete section accounted for approximately 15% of the 
total flexural rigidity of the duplex beam from theoretical calculations). The other 10% 
of the reduction in the flexural rigidity was therefore attributed to a loss in stiffness of 
the +/-450 GFRP composite section as the fatigue resistance of the UD CFRP composite 
is high (Demers and Abdelgadir, 1999) with negligible loss in stiffness of the material. 
A visual examination of the fatigue beam showed the concrete/composite bond to be
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completely intact, even near the region of the transverse cracks in the concrete.
Subsequent static testing of the fatigue beam showed that, although the initial rigidity of 
the duplex beam was low, the pre-fatigue rigidity was recovered as the load increased 
and the transverse cracks in the concrete closed. Once the cracks in the concrete had 
fully closed the compressive modulus of elasticity of the concrete (and hence the full 
rigidity of the duplex beam) was recovered. However, the static failure load of the 
fatigue beam was reduced from approximately 50 kN to 38 kN which may have been 
due to the presence of transverse cracks in the concrete section which allowed premature 
local crushing of the concrete at the crack locations. Comparing the fatigue behaviour 
and residual strength of the duplex beam to that of a RC beam, the duplex beam 
exhibited a far greater fatigue resistance (failure occurred at a higher number of cycles) 
and also retained a greater proportion of its static failure strength. The loss in flexural 
strength and rigidity at failure of the duplex beam after 10 million cycles was 23% and 
7% respectively. It is of interest to compare the fatigue behaviour of the duplex beam 
with that of RC beams to ascertain the effect of the use of advanced composites on 
fatigue properties. Fatigue tests by Shahawy and Beitelman (1999) on RC beams of 
approximately 5m span at 25% of the ultimate tensile steel strength exhibited failure 
after approximately 300,000 cycles. Once the beams had been reinforced in flexure and 
shear with two layers of CFRP composite the fatigue life improved to approximately 2 
million cycles. The difference in the fatigue properties of the duplex and the RC beams 
can be attributed to the failure mechanism. The duplex beam essentially failed due to 
crushing of the concrete, albeit at a reduced load because of cracking from the fatigue 
cycling. However, for a RC beam the failure mechanism differs; tensile cracks appear at 
the soffit of the beam initially which gradually increase in size due to the fatigue cycling. 
Eventually, the tensile steel reinforcement yields due to the load cycling which causes 
complete collapse of the beam. Therefore, the omission of steel reinforcement or tensile 
concrete in the duplex beam developed in the current study meant that a superior fatigue 
performance was achieved.
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8.3.2.3. Environmental Beam Tests
The two sets of 750mm span (half that of the static beams) beams that were exposed to 
freeze/thaw cycling and a warm humid environment provided an indication of the 
properties and resistance to degradation of the duplex beam in these environments. After 
completion of the 200 freeze/thaw cycles of the duplex half-beams no observable 
damage or discolouration had occurred to either the advanced composite section, the 
concrete section or the bond between the concrete and composite. Due to the short spans 
of these beams, three-point bending tests rather than four-point bending tests were used 
to ascertain the flexural behaviour. The theoretically predicted flexural strength, which 
assumed linearity and no degradation in material properties due to the freeze/thaw 
cycling, was approximately 94 kN using the same analysis as that used in Chapter 4 for 
the 1.5m beams. The average failure strength determined from the three-point bending 
tests was 90 kN, a reduction of only 4% compared to the theoretical value. During the 
freeze/thaw cycle period of 200 days the concrete cube strength was expected to increase 
from the 28-day target strength of 40 N/mm2. However, no increase in the beam strength 
was observed due to the greater age of the concrete. One reason for this may be that the 
freeze/thaw action negated the increase in the concrete compressive strength that would 
have otherwise occurred due to age. The experimental rigidity of the half-beam was 
actually greater than that predicted by the linear theoretical analysis by approximately 
12%. This may have been due to either an increase in the concrete stiffness with age 
(although a similar increase in the concrete strength with age was not observed as 
mentioned previously) or the short span of the beam compared to its depth producing a 
shear-type as opposed to flexure-type structural member.
Prior to the compressive failure mode of the beams, the onset of longitudinal cracking 
was noticed at the ends of the concrete section. However, the presence of these cracks 
did not affect the failure mode or strength of the beam. Upon further investigation using 
a FE analysis it was found that the maximum tensile and shear stresses in the concrete 
were indeed present at the crack locations at the ends of the concrete section. This stress 
concentration was not observed in either the numerical analysis or experimental testing 
of the full-span duplex beams of 1.5m span and, therefore, it can be concluded that it was 
due to the shorter span of the beams. In addition, a reduced bond area between the 
composite and concrete sections in these beams was present with no associated
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reduction in the compressive force in the concrete and therefore the shear stress of the 
bond was near failure. The shear stress at the composite/concrete interface for the half­
beams was calculated as approximately 2 N/mm2, which was 83% of the bond strength 
of 2.39 N/mm2 determined from shear pull-off tests.
The initial failure mode of the freeze/thaw beam tests was the same as that observed for 
the 1.5m beam tests, i.e. crushing of the concrete at midspan. However, the tensile flange 
also fractured in the freeze/thaw beam tests, whereas in the 1.5m beam tests it was intact. 
After the concrete section in the freeze/thaw beams had failed in compression a 
compressive failure of the webs occurred. The fracture in the web extended from the 
region of the failed concrete towards the tensile flange. The last measured tensile strain 
in the flange at failure was approximately 11000 microstrain, which was lower than the 
failure strain of the UD CFRP composite (14000 microstrain). Therefore, it is probable 
that the flange failed due to a sudden increase in strain caused by failure of the concrete 
and webs with a corresponding loss in the section properties.
The two beams exposed to the warm humid environment of 36 °C and 98% R.H. for 200 
days exhibited a rather different load-deflection response compared to the freeze/thaw 
beams Ela and Elb. On static three-point testing of the half-beams E2a and E2b the 
average experimental flexural strength was found to be 104 kN which was a 10% 
improvement on the theoretical flexural strength of 94 kN. An improvement in the 
average experimental rigidity of beams E2a and E2b of 26% in comparison with the 
theoretically determined rigidity was observed, which was consistent with the increased 
flexural strength. It was therefore concluded from the flexural behaviour that the 
environmental exposure had no detrimental effect on the advanced composite material 
or the concrete, at least up to a period of 200 days. Indeed, the increase in flexural 
rigidity and strength was probably due to the further curing of the concrete in an 
enhanced environment with a high moisture content and temperature, thus enhancing the 
material properties.
The longitudinal cracks at the ends of the concrete section in beams Ela and Elb were 
also evident in beams E2a and E2b although no reduction in the beam strength due to 
the cracks was observed. The failure mode of beams E2a and E2b was also the same as
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that of beams Ela and Elb, i.e. failure of the concrete at midspan by crushing followed 
immediately by fracture of the webs and tensile flange.
8.4. Discussion on the Numerical Analysis Results
The numerical FE analysis was used to model and investigate the experimental 
behaviour of the duplex beam. Furthermore, the FE model allowed changes to the beam 
geometry and dimensions to be made and their effects on the strength, rigidity, load- 
deflection response and buckling capacity to be evaluated relatively easily. The user- 
defined material modelling options and types of analysis procedure available within the 
ABAQUS solver permitted the particular properties of the duplex beam (such as non­
linear characteristics, composite sections and buckling properties) to be analysed using 
the material properties characterised in Chapter 3. The ABAQUS post-processor also 
allowed a graphical output of the deformation, stresses and strains of the duplex beam. 
A comparison of the results from the linear and non-linear finite element analyses and 
from the experimental tests is presented below in two sections; one for the static beam 
model and one for the creep beam model.
8.4.1. Static FE Analysis
To analyse the static behaviour of the duplex beam under load, both a linear and non­
linear elastic analysis were used; these analyses are described in detail in Chapter 7. 
The linear analysis used the linear material properties obtained from the static small- 
scale tests of the advanced composite material and concrete, which are described in 
Chapter 3. The load-deflection behaviour predicted by the linear elastic FE analysis and 
that observed experimentally is shown in Figure 7.8 (page 180). The deflection pre­
dicted by the FE analysis was within 5% of the experimental value up to a load of 25 
kN, which was nominally defined as the serviceability load of the beam. There are sev­
eral possible explanations for the difference in the experimental and FE analytical 
results:
i) Even at the relatively low load of 25 kN a small non-linearity in the experimental load- 
deflection behaviour was observed, which was not modelled using the linear elastic FE 
analysis.
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ii) The loading conditions (and hence stress field) of the advanced composite materials 
and concrete in the beam were different to those present in the small-scale static tests. 
For instance, the uniaxial stress in the concrete cylinder tests was constant throughout 
the section, whereas in the beam the compressive stress in the concrete varied from 
approximately zero at the concrete/composite interface to a maximum at the concrete 
surface.
iii) Some variability in material properties always exists to a lesser or greater extent and, 
therefore, the average properties from a number of tests were used for the FE model. 
This is particularly true for concrete which can show a large variability in properties due 
to the random locations and concentrations of the aggregate and cement paste. The 
variations in longitudinal stiffness obtained from small-scale testing of the +/-450 
GFRP, UD CFRP composite and concrete were approximately 5%, 4% and 17% 
respectively.
iv) Some of the properties of the materials were not obtained from small-scale testing, 
but were based on typical values in the literature and information from the advanced 
composite manufacturer. These properties include the through thickness and transverse 
moduli of elasticity, rigidity and Poisson’s ratios for the advanced composite material. 
For the +/-450 GFRP composite the transverse and longitudinal moduli of elasticity and 
rigidity and the Poisson’s ratios were the same due the symmetry of the fibre orientation. 
However, this was not the case for the UD CFRP as there was no symmetry in the fibre 
orientation.
v) Some dimensional variability (approximately 2% maximum) of the beam was 
apparent after manufacture and fabrication of the advanced composite unit and pouring 
of the concrete.
vi) The boundary conditions applied to the finite element model were ideal whereas for 
the beam experiments this may have not been the case. In particular, the support 
conditions were assumed to be perfectly pinned with no resistance against longitudinal 
movement. In reality there may have been a small degree of resistance against
Discussion o f Results 241
University of Surrey
longitudinal movement of the beam due to frictional forces at the supports. This would 
have caused deflection of the beam to be slightly less than otherwise.
vii) The linear elastic FE analysis assumed small deflections and, therefore, the solution 
used the initial conditions of the beam at zero applied load (i.e. the matrix calculations 
in the finite element analysis used the base nodal positions, as opposed to updating the 
nodal positions as the deflection increased and the beam deformed).
viii) A perfect bond between all the materials was assumed, which was not necessarily 
the case experimentally. In particular, the adhesive bond between the concrete and +/- 
45° GFRP composite permanent shuttering was not modelled in the FE analysis.
The explanation in item i), non-linearity of the experimental behaviour, was checked by 
comparing the load-deflection slope at loads lower than 25 kN with that from the FE 
analysis. The experimental load-deflection slope was found to be constant to within 2% 
up to 29 kN; the difference between the experimentally determined and FE analysis 
slope was negligible at this load. Therefore, the essential difference between the 
experimental and linear elastic FE analysis results was not due to non-linear effects, but 
due to some or all of the other explanations described above.
The strain profile obtained experimentally and that predicted by the FE analysis is 
shown in Figure 7.11 (page 182). The experimental and FE analysis longitudinal strain 
values compared more favourably at the tensile flange than at the surface of the con­
crete, which was probably because of the greater variability of the material properties 
for the concrete in comparison with that of the advanced composite materials. The 
strain profile determined experimentally exhibited a small degree of non-linearity evi­
dent from the slightly curved shape, caused by the non-linear behaviour of the materials 
used in the beam.
The failure load of the beam predicted by the linear elastic FE analysis was 58.4 kN 
(based on a failure strain for the concrete of 3500 microstrain). The average failure load 
of the experimental static beam tests was 49.53 kN, a difference of approximately 18%. 
This large difference in the prediction of the flexural strength of the beam was primarily
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due to the highly non-linear stress-strain curve for the concrete near failure and 
highlighted the limitations of the linear elastic FE analysis. The flexural strength and 
load-deflection behaviour of the beam near failure could therefore only be accurately 
determined by using a non-linear FE analysis, the results of which are now discussed.
The load-deflection behaviour from the nonlinear FE analysis (described in Section 
7.3) and experiment is shown in Figure 8.2. The deflection of the beam at failure was 
modelled to within 4.5% using the non-linear FE analysis, whereas the linear FE analy­
sis was only accurate to 14% at the equivalent experimental failure load. This improve­
ment in the FE analysis was primarily due to two factors; the definition of non-linear 
material properties and deformation in the geometry of the beam. In particular, defining
the non-linear properties of the concrete in compression and the +/-450 GFRP compos­
ite in tension ensured a more accurate simulation of the beam behaviour at high loads. 
Therefore, the remaining difference between the non-linear FE analysis and experimen­
tal results were not caused by non-linear effects, assuming the non-linear material prop­
erty definitions to be representative of those in the beam.
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Figure 8.2 Load-Deflection Behaviour For The Experimental Beam S3, Linear
and Non-linear FE Models
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The predicted failure load from the non-linear FE analysis of 48.5 kN underestimated 
the experimental failure load of 49.53 kN by 2%, which was an improvement on the 
linear FE analysis. The failure load was defined as the load at which the longitudinal 
compressive strain in the concrete reached 3500 microstrain at midspan. The strain 
profile of the non-linear FE model at failure is shown with that obtained experimentally 
in Figure 8.3.
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Figure 8.3 Strain Profiles For The Experimental Beam S3, Linear and Non-linear
FE Models
The shape of the strain profile was followed more closely by the non-linear FE analysis 
than the linear FE analysis, due to the more accurate definition of the material properties 
and the flexural behaviour of the beam. The change in the concrete surface and tensile 
flange strain with load obtained from experiment and the FE analyses are shown in 
Figures 8.4 and 8.5 respectively.
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The highly non-linear concrete surface strain curve was predicted to within 11% at 
failure by the non-linear FE analysis (as opposed to 28% for the linear FE analysis, based 
on a failure strain of the concrete of 0.0035). The increase in strain in the tensile flange 
generally exhibited a near linear behaviour and hence there was only a small difference 
in strain observed at failure between the FE analyses and experimental values. At the 
point of failure there was only a 1% difference between the linear and non-linear 
analyses; the non-linear analysis was generally more accurate throughout the load 
history of the beam.
8.4.2. Time-dependent Creep FE Analysis
In addition to the static FE analyses, a time-dependent creep analysis was used to 
investigate and model the experimental creep behaviour of the beams. The time- 
dependent analysis used the same element types, boundary and loading conditions as 
those used for the static analyses. Therefore, only the dependencies of the material 
properties and the type of analysis were modified from the static analysis. For the non­
linear static analysis the material properties (i.e. the moduli of elasticity, Poisson’s ratios 
and shear moduli) were user-defined and linked to the solution-dependent variable of 
longitudinal strain of the respective materials. To simulate the creep behaviour of the 
duplex beams an extra dependency of the material properties on the duration of load (a 
solution-independent variable) was included. The variation in the material properties of 
the concrete with time were determined from the literature, whereas those of the +/-450 
GFRP composite were determined from small-scale coupon testing of the material. The 
load used for the small-scale tests on the +/-450 GFRP composite was based on the initial 
elastic longitudinal strain in the tensile flange at 50% of the failure load of the beam, 
which was nominally defined as 7500 microstrain. However, the longitudinal strain of 
the +/-450 GFRP composite in the duplex beam varied from zero at the neutral axis to a 
maximum at the tensile flange. Therefore, to define the creep properties at strain levels 
lower than this, linear interpolation was used between the experimentally determined 
creep properties at the maximum tensile strain and no creep at zero strain. The analysis 
then proceeded in a similar incremental manner to that used for the non-linear static 
analysis.
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The long-term deflection behaviour of the experimental creep beams and the FE creep 
model results are shown in Figure 8.6. The change in concrete surface strain and tensile 
flange strain from the experiments and numerical analysis are shown in Figures 8.7 and 
8.8 respectively. Two different sets of creep data for the +/-450 GFRP composite 
material were used, one from tensile tests where the coupon aspect ratio was 6 and one 
from tensile tests where the coupon aspect ratio was 3.3. The two tensile creep tests were 
carried out to ensure the aspect ratio had little effect on the creep response, however this 
was not found to be the case. The different creep responses of the tests are described in 
detail in Chapter 3. In general, it was apparent that to accurately determine the creep 
properties of the +/-450 GFRP composite in the beam (and at large scales generally) the 
aspect ratio and free length of the small-scale coupon in relation to those at full scale 
must be considered. The two FE creep models (from the 25x250mm and 90x400mm +/ 
-45° GFRP composite coupon test data) both modelled the initial elastic deflection of the 
experimental beams to within 5%. The average total deflection of the creep beam 
experiments after 1000 hours, which increased due to creep of the +/-450 GFRP 
composite and concrete, was overestimated by 8% for both of the FE creep models. The 
average change in concrete surface strain with time (which was experimentally variable) 
was modelled to within 10% and was within the experimental range of the three creep 
beams. The average change in the tensile flange strain with time at 1000 hours was 
underestimated by 5% by both FE creep models, although this was mainly because of 
the comparatively large increase in flange strain in the first 48 hours.
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In general, the accuracy of the time-dependent creep analysis was not as good as that 
achieved for the non-linear static analysis. There are several possible reasons for the 
comparative lack of accuracy of the FE creep model:
• The creep data for the +/-450 GFRP composite was obtained for a tensile strain level 
of 0.75%. Therefore, the creep properties at different strain levels were 
approximated using linear interpolation between 0 and 0.75% strain.
• The target concrete cube strength for the creep beams was 40 N/mm2. Consequently, 
the creep data for the concrete was obtained from the literature for a concrete cube
strength of 40 N/mm2. However, from the cube tests the concrete cube strength
ranged from 45.48 to 49.17 N/mm2 for the creep beams, thus the creep properties of
the concrete would have improved over those for a 40 N/mm2 target cube strength 
concrete.
• The creep properties of the +/-450 GFRP composite were obtained from tensile 
uniaxial testing, which was an approximation of the stress state of the +/-450 GFRP
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composite in the webs.
• Creep of the adhesive was not modelled, which may have affected the bond stiffness 
and hence the degree of composite action. This would cause an increase in the depth 
of the neutral axis with time. Whilst an increase in the depth of the neutral axis was 
observed, this was primarily due to a reduction in the concrete stiffness with time.
• The creep data for the +/-450 GFRP composite obtained from small-scale testing 
showed some variability and, therefore, the average properties were used, which 
may not have been the same as those of the GFRP material in the beam.
The most probable of these explanations is that the creep of the concrete in the FE model 
was different to that of the concrete in the beam. This was indicated by the large 
variation in the increase in concrete surface strain with time in the experimental beam 
tests. The creep of adhesives is generally small in comparison to the creep of concrete 
and the +/-450 GFRP composite and probably did not have a great effect on the accuracy 
of the FE creep model. A study into the creep and fatigue properties of epoxy adhesives 
by Mays, 1990, showed that the creep strain of a similar adhesive (Sikadur 31) under a 
greater stress (11.8 N/mm2 compared to approximately 1 N/mm2 for the epoxy adhesive 
in the duplex beam) at RT was less than 100 microstrain after 1 year, this value is much 
less than that observed for the concrete and +/-450 GFRP composite.
8.4.3. Eigenvalue Buckling and Post-buckling Analyses
A buckling and post-buckling analysis (described in Sections 7.5 and 7.6 respectively) 
was carried out to determine the buckling capacity of the duplex beam. The buckling 
analyses also allowed the buckling behaviour of the beam to be determined which was 
not possible experimentally as the beam was designed to fail in flexure prior to the 
buckling failure mode. The eigenvalue buckling analysis was used to predict both the 
global, or torsional, buckling mode and the local web buckling mode. However, 
eigenvalue buckling analyses can give inaccurate estimates of the buckling capacity of 
structures due to the assumption of a bifurcation point in the load-deflection history. 
Therefore, the post-buckling analysis (which required data from the eigenvalue analysis) 
was also used to accurately determine the buckling capacity and associated buckling 
mode of the duplex beam. The post-buckling analysis used the buckling modes from the
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eigenvalue analysis to create an initial imperfection in the FE model. The magnitude of 
the imperfection superimposed onto the original model was defined by designating a 
maximum nodal displacement. Therefore, maximum nodal displacements of 0.1mm, 
0.5mm and 1mm were used to determine if the magnitude of the initial imperfection had 
any effect on the eventual buckling mode and the strains associated with it. A similar 
procedure to the non-linear static analysis was used for the post-buckling analysis where 
the deformation of the beam proceeded in automatically calculated steps within user- 
defined limits to ensure solution convergence. Using this process the web shear buckling 
mode, which consisted of a series of diagonal deformations in the web, was succesfully 
modelled with a corresponding collapse load. The deformation of the web shear 
buckling mode was found to be proportional to the initial imperfection magnitude, 
although the corresponding collapse load of approximately 45 kN was essentially 
independent of the initial imperfection magnitude. This was advantageous as the initial 
imperfection in the duplex beam geometry that causes the onset of buckling was 
inherently random within certain limits. Considering the results from the strain rosettes 
that were placed on the first two static test beams, the results showed no significant 
increase in strain due to buckling and it was clear that no buckling of the webs had 
occurred. Therefore, any geometric imperfections in the duplex beams must have been 
small.
8.4.4. Discussion on Parametric Study Results
The parametric study undertaken on the non-linear FE model of the duplex beam varied 
the thicknesses, fibre orientation and elastic moduli of the constituent materials of the 
beam. The effect of these parameters on the beam strength, rigidity and buckling 
capacity were determined and the results are now discussed.
The variation in the web buckling capacity was found to be approximately inversely 
proportional to the inner web thickness, assuming a constant total web thickness, within 
the range investigated of 0.5mm to 1.8mm. Therefore, the web buckling capacity 
decreased as the ratio of inner web thickness to outer web thickness increased.
The fibre orientation of the GFRP composite was found to have an important effect on 
both the beam strength and rigidity. In general, low fibre angles (less than 30°) to the
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vertical conferred both a low flexural strength and rigidity to the beam, whereas for high 
angles to the vertical the beam strength and rigidity were increased. It should be noted 
that this was for the loading arrangement used in the beam experiments and is dependent 
on whether a flexural or shear type load arrangement is applied. The increase in beam 
strength and rigidity that occurred at high fibre angles to the vertical was primarily due 
to the improved tensile strength and modulus of elasticity of the GFRP composite. 
Another effect that this would have on the load-deflection behaviour of the duplex beam 
is that at angles nearing a uni-directional longitudinal orientation the non-linearity and 
ductility of the beam would be severely reduced due to the linear stress-strain curves for 
UD advanced composite materials.
The thickness of the UD CFRP composite in the tensile flange of the beam was found to 
have an effect not only on the flexural rigidity of the beam, but also on the degree of non- 
linearity in the load-deflection behaviour and the flexural strength. Low thicknesses of 
the UD CFRP composite caused the beam to have a lower flexural strength and a high 
degree of non-linearity. Although initially an increase in the UD CFRP composite had a 
significant effect on the non-linearity and flexural strength of the beam, as the thickness 
increased the severity of this effect was reduced. Therefore, although a large thickness 
of UD CFRP composite in the tensile flange would increase the strength and rigidity of 
the duplex beam this would lead to a beam design with little ductility, which is generally 
not a preferred failure mode for structural units. The effect of the fibre orientation of the 
CFRP composite in the tensile flange on the load-deflection behaviour was also 
investigated. A fibre orientation of +/-450 increased the degree of ductility of the beam 
but at the cost of severely reducing the flexural rigidity of the beam. This particular 
method of increasing the ductility would also be inefficient in terms of cost as the CFRP 
composite is an expensive material.
The effect of the concrete section depth on the flexural strength and rigidity of the beam 
was twofold; an increase in section depth caused the flexural strength and rigidity to 
increase. The increase in flexural rigidity became less significant as the section depth 
increased, which was also observed for the UD CFRP composite thickness. This was 
primarily due to the contribution of each material (+/-450 GFRP composite, UD CFRP 
composite and concrete) to the flexural rigidity which was dependent on three factors -
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the cross-sectional area, elastic modulus and location of the material in the beam. For 
the dimensions used for the experimental beams of 1.5m span (except beam SI) the +/- 
45° GFRP composite, UD CFRP composite and concrete contributed 39%, 46% and 
15% of the total flexural rigidity respectively.
The foam core used in the web of the beam had a negligible contribution to the beam 
flexural strength and rigidity, but was important in improving the buckling capacity of 
the webs. The web buckling capacity was found to be highly dependent on the foam core 
thickness using the eigenvalue analysis described in Section 7.51. In particular, 
increasing the foam core thickness from zero to the optimum value of 5mm caused a 
large increase in the buckling capacity, after which any further increase caused a 
significant decrease in the buckling capacity. From the buckling modes that were 
determined from the ABAQUS post-processor it was clear that this was due to a change 
in the type of buckling mode. At thicknesses less than 5mm the web behaved as a 
sandwich section, whereas at larger core thicknesses the two web faces buckled 
independently of one another.
8.5. Manufacturing Aspects of the Duplex Beam
The manufacturing procedure for the prototype size beams fabricated and tested in the 
current study was developed particularly for small-scale use. The practical application 
of the manufacturing process for large-scale applications and the problems that this may 
present are discussed below.
8.5.1. Large-Scale Applications and Manufacture of the Duplex Beam
For the scaling up of the manufacturing process to beams of up to 20m length some 
modifications would be necessary to maintain an efficient fabrication process. Handling 
of the GFRP woven fabric material, or the UD CFRP tape, would not be difficult as the 
material could be simply rolled along the top of the tool and then the rest of the fabric 
located in place using hand tools. The use of web sandwich sections for large beam 
cross-sections may be impractical and the use of a foam core for increasing the buckling 
capacity was chosen on the basis that it was a simple and effective method for the small- 
scale beams manufactured for this study. Of the other methods of increasing buckling
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capacity, which are described in Chapters 4, 5 and 7, the use of diaphragms would be 
more practical and would also simplify the fabrication process due to the omission of the 
foam core in the webs. To cure the advanced composite components two solutions 
present themselves; either the use of a large oven, which is more probable if the 
advanced composite component is fabricated and cured in a factory off site, or the use 
of a shroud and space heaters, which is more suitable for use in a controlled environment 
on site. In addition, recent research and development on the curing process of the matrix 
in advanced composite materials has shown advances in lowering the curing 
temperature whilst maintaining the required material properties. In Japan, FRP pre-preg 
sheets with minimal resin content have been developed, which are impregnated with a 
resin on site that hardens at outdoor temperatures (Fukuyama, 1999). The particular 
resin used for the matrix in the UD CFRP and +/-450 GFRP composite in this study, 
LTM26, was chosen partly due to its low temperature curing properties. The cure 
temperature of the advanced composite material has an effect on both the cost of 
manufacturing the structural unit and on the suitability of the process for on-site 
applications.
8.6. Discussion on Cost and Practical Aspects of The Duplex 
Beam
An important aspect of the use of advanced composites in construction is the first and 
whole life costs of using a material that, in terms of weight or volume, is more expensive 
than conventional materials such as steel or concrete. To ascertain the most efficient and 
economic beam shape based solely on the material costs, i.e. excluding labour, 
transportation and life cycle costs, a parametric study was undertaken using the linear 
theoretical analysis described in Chapter 4. The duplex beam dimensions were therefore 
varied to determine the optimum solution, in terms of minimum material cost, for a 
specific set of design criteria. The design criteria that were used in the cost analysis 
were:
• The span/deflection ratio, which was effectively a limit on the rigidity of the duplex 
beam. The three ratios used were 150,200 and 250.
• The span/depth ratio, which was effectively a limit on headroom. The span/depth
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ratio was allowed to vary between 8 and 20.
• The breadth/depth ratio, which was allowed to vary from approximately 1 to 4.
The cost study, described in Appendix B, used 18m beams as a more realistic scale for 
construction purposes. In addition, based on the experimental and analytical studies on 
the 1.5m span duplex beams, the fibre orientation of the GFRP composite was modified 
from seven layers of +/-450 to two layers of +/-450 and five layers of UD GFRP 
composite. The strength and rigidity of the modified duplex beam was calculated using 
the linear theoretical analysis. In addition to the cost analysis of the duplex beam with 
both GFRP and CFRP composite, an all CFRP composite solution was investigated and 
compared with the GFRP/CFRP composite hybrid duplex beam.
To achieve the required span/deflection ratio for each particular span/depth and breadth/ 
depth ratio combination, the thickness of the UD CFRP in the tensile flange and hence 
the basic material cost of the duplex beam, was varied. From the cost analysis a number 
of general observations, for both the hybrid and all CFRP beams, were made on the 
optimum beam dimensions to minimise cost:
• The most efficient section of the duplex beam occurred when span/depth ratios of 8 
or 10 were used.
• The most efficient depth/breadth ratio for the duplex beam varied from 2 to 4 
depending on the required span/deflection ratio. As the span/deflection ratio 
increased the optimum depth/breadth ratio decreased.
• Increasing the span/deflection ratio from 150 to 250 caused a corresponding 
increase in cost of approximately 20% for both the hybrid and CFRP duplex beam.
• The cost of the CFRP beam was generally 60% greater than that of the hybrid beam 
at the low span/depth ratios of 8-10. However, at the higher span/depth ratio of 18 
this increase was only 30%.
• The/6ostjof the hybrid beam compared with that of an RC beam varied from twice as ' 
mucnTusing the most favourable span/depth and breadth/depth ratios, to seven times 
greater.
Therefore, based on current advanced composite prices and using readily available 
curing technologies for the aerospace industry, the material cost of the duplex beam is
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at least twice that of a typical RC beam for the same span and manufactured in the most 
efficient manner.
To undertake a full comparison of the relative whole life costs of applications using 
reinforced concrete or duplex beam type construction other factors would have to be 
included. Factors such as long-term maintenance and repair (and hence durability and 
resistance to corrosion), reduced deadload due to lightweight construction, ease of 
transportation and placement on site and creep and fatigue resistance will all have a 
significant effect on the whole life cost of a structure. A study by El-Mikawi and 
Mossalam (1996) described a method for evaluating the use of advanced composites in 
structures which takes into account such factors as primary cost (broken down into 
initial costs, life expectancy and maintenance) and secondary cost (structure availability 
and social costs incurred during construction). The proposed model was applied to a 
number of existing structures and concurred with tests performed by experts. It was 
concluded from this work that further research and development is required in this field 
of study to allow the economic viability of advanced composite alternatives to 
conventional materials to be determined. Hastak and Halpin (2000) presented an 
investigation on the assessment of life-cycle costs of composites in construction using 
benefit analysis. The benefit analysis method and its application to structures 
constructed from conventional and advanced composite materials was described. In 
addition, the particular case of composite column wraps and conventional steel jacketing 
was assessed for life-cycle-costs. Using this approach the possible benefits of applying 
advanced composites in construction, even though composite materials may have a 
greater material cost than conventional materials, were highlighted.
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9. Conclusions
The overall objectives of the research discussed in this thesis was to conceive and to"] 
analyse a structural system consisting of advanced polymer composite material and 
concrete in which these two materials were used to their best advantage. It is known that^ 
units can be economically manufactured from advanced polymer composite materials 
and these units exhibit high tensile strength. However, buckling occurs when these 
advanced polymer composite units are loaded in compression in-plane. Conversely, 
concrete is poor in tension but has a satisfactory compressive strength.
The structural unit developed in the current research used a rectangular section where 
the concrete was placed in the compression region of the beam and the polymer 
composite box section was located in the tensile region of the beam. One very important 
aspect that had to be investigated was the shear bond strength between the concrete and 
advanced polymer composite components of the beam. It was vitally important that no 
slip existed between the two materials and that complete composite action was present 
when the beam was under load. The beam system was investigated in a flexural and' 
shear mode under short and long term loading. The latter investigation studied the long 
term behaviour under creep and fatigue loading. In addition, advanced polymer 
composite coupons were tested under static short term tensile load, long term creep load 
and at room and elevated temperatures. Furthermore, various environmental exposure 
tests were carried out on the coupons and beams which were then tested to failure. The 
short term static beam tests and long term creep beam tests were investigated using 
experimental and analytical techniques.
9.1. Analytical Models
9.1.1. Theoretical Model
The results from the linear elastic theoretical model that was used to calculate the load- 
deflection behaviour of the advanced composite/concrete beam was accurate to within 
5% in comparison with the experimental deflection and strain up to a load of 25 kN. 
Therefore, a linear elastic model was adequate in predicting the beam behaviour up to
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the nominal serviceability load of 50% of the ultimate flexural load. This was primarily 
due to the fact that the linear elastic material properties existed at the strain levels 
associated with the load range of 0 to 25 kN.
The force equilibrium method was adequate for predicting the compressive failure mode 
(concrete crushing) of the advanced composite/concrete beam, although the flexural 
strength was highly dependent on the assumed concrete stress block. Therefore, the 
idealised stress block described in BS 8110 (1997) was used by virtue of the similarity 
in the stress conditions in the concrete between an RC beam and the beam developed in 
this study; the assumed stress block was adequate in predicting the failure load. 
However, this calculation can only be used if the neutral axis is at or close to the 
concrete/composite interface and would require modification if this were not the case.
The linear elastic theoretical model was also shown to predict the failure mode of the 
advanced composite/concrete beam, based on the maximum longitudinal strains in the 
beam. The two basic flexural failure modes, tensile fracture of the hybrid composite 
flange and compressive crushing of the concrete, were assumed to occur at longitudinal 
strains of 1.4% and 0.35%. These strain values were based on the failure strains of the 
UD CFRP and the concrete respectively.
9.1.2. FE Numerical Model
The linear elastic FE model developed in this study used second-order brick elements 
with reduced integration. The FE model predicted the load-deflection behaviour of the 
advanced composite/concrete beam up to 50% of the failure load within an accuracy of 
5%. Although the element aspect ratios were high (a maximum of approximately 50), it 
was shown that once the mesh was tested to find the required level of refinement, the 
deflections and strains could be accurately predicted. The FE method was shown to 
satisfactorily model highly anisotropic advanced composite materials utilising the 
material properties obtained through small-scale testing. Other methods were also used 
to model the advanced composite materials, for instance shell composite elements or 
separate elements for each lamina, however, these did not significantly increase the 
accuracy of the solution.
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A linear FE analysis was not sufficient to characterise the load-deflection behaviour and 
to obtain the strains in the beam at loads greater than 50% of the failure load. This was 
due to the significant non-linearities of some of the constituent material properties 
utilised in the duplex beam developed in the current study. The concrete and the +/-45° 
GFRP composite exhibited non-linear stress-strain curves under load. The non-linear FE 
analysis predicted the behaviour of the beam near failure by assuming that the material 
properties were related to the solution-dependent variable of longitudinal strain. This 
method then provided a relatively simple and flexible simulation of the non-linear 
flexural behaviour of the advanced composite/concrete beam. In addition, this particular 
procedure allowed the failure load to be predicted either by a maximum allowable strain 
in the concrete, or by noting the load at which convergence of the solution ceased.
The versatility of the non-linear FE method also made it possible to model the creep 
behaviour of the advanced composite/concrete beam by linking the material properties 
to the solution-independent variable of time in addition to the solution-dependent 
variable of strain. The analysis of the creep of the beam was entirely dependent upon the 
creep data available from small-scale testing. The creep properties of the concrete and 
the +/-45° GFRP composite were obtained at a single stress level. Therefore, linear 
interpolation was used to obtain the creep properties at stress levels between the small- 
scale test stress and zero stress. Despite these approximations, the results of the creep 
model related well to those of the experimental creep tests in predicting the increase in 
deflection due to creep of the duplex beam; the difference between the experimental and 
numerical results was approximately 8%.
9.2. Experimental Work
9.2.1. Small-Scale Tests
Small-scale tests were undertaken on tensile coupon samples of the advanced composite 
material, on compressive concrete cylinders and cubes and on shear bond samples 
comprised of the GFRP composite and concrete. These tests were undertaken to 
characterise the materials and to estimate the residual strengths after exposure to various 
environments.
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The environment which had the greatest effect on the advanced composite material was 
the saturated road salt solution. After 2000 hours of exposure to this solution the 
stiffness at 1% strain and the strength of the +/-45° GFRP composite were reduced by 
13% and 25% respectively; the equivalent reductions in the UD CFRP composite 
material properties were 3% and 15%. These results were of particular importance due 
to the widespread use of road salts on bridges and highways where advanced composite 
construction is increasingly being used. However, it should be realised that the solution 
was 100% saturated and this degree of concentration is unlikely to be used in practice, 
although it may occur in localised areas. Generally, the improved resistance to 
degradation of advanced composite materials, compared to other civil engineering 
materials, when exposed to various environments (the ones used in this study were 45 
°C, 60 °C, road salt solution, water, diesel and UV/moisture weathering) was confirmed 
by the small-scale tests undertaken in the current study. The lower resistance of the +/- 
45° GFRP composite in comparison with the UD CFRP composite was due to the 
presence of off-axis fibres and hence a greater dependency of the material properties on 
the matrix in the GFRP composite.
The increase in strain due to creep in the UD CFRP composite material was essentially 
zero, but the +/-45° GFRP composite exhibited a large amount of creep, with a large rate 
of increase in strain in the first 10 hours following initial loading. This result indicates 
the effect that fibre orientation has on the short and long term loading characteristics of 
composites, particularly when a greater degree of the total load is taken by the matrix 
and shear transfer between the fibre and matrix occurs. Furthermore, the creep properties 
of the GFRP composite material appeared to be dependent on the aspect ratio of the 
coupon (the ratio of width to length) and the free length. Although no definite relation 
between the coupon dimensions and creep strain was obtained, both the creep strain and 
initial rate of increase in strain increased as the free length of the coupon increased.
The failure mode of the shear pull-off tests was shear failure of the concrete adjacent to 
the epoxy adhesive and was solely dependent on the quality of the concrete. The 
maximum achievable bond strength between the advanced composite and the concrete 
was, therefore, limited to a value dependent on the concrete strength and quality.
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9.2.2. Beam Tests
The static, creep, fatigue and environmental exposure beam tests that were undertaken 
in the current study enabled the short and long-term properties to be determined and the 
performance of the advanced composite/concrete beam to be appraised in relation to that 
of conventional construction such as reinforced concrete.
The manufacturing and fabrication process that was used for the advanced composite/ 
concrete beams, namely vacuum bag moulding, provided a high degree of compaction 
thus ensuring good quality advanced composite material with low voidage 
(approximately 2-3%) and repeatability in the test results.
The advanced composite/concrete beam was designed to have a compressive failure 
mode, which the static tests of the beams confirmed. The concrete crushing failure mode 
provided some ductility in the beam response primarily due to the non-linear stress- 
strain curve of the concrete but also because of the non-linear properties of the +/-45° 
GFRP composite. The tensile failure mode, which was tensile fracture of the UD CFRP 
composite in the hybrid tensile flange, would have reduced the degree of ductility of the 
load-deflection response of the beam.
The design of the advanced composite/concrete beam was based on an equivalent 
strength to an RC beam of similar dimensions with 2.5% by area of tensile steel 
reinforcement. However, this led to relatively large deflections of approximately span/ 
170 at the serviceability load of the beam. A design based on a deflection limit of 
approximately span/250 or higher would have a safety factor on the ultimate flexural 
capacity of approximately 7 under short term loading.
Composite action between the advanced composite and concrete sections was achieved 
by a number of methods; indents in the permanent GFRP composite shuttering, manual 
application of an epoxy adhesive, mechanical interlock by bolts through the composite 
shuttering and the concrete and injection of an epoxy adhesive. The static tests showed 
that the most reliable bonding technique that ensured full composite action between the 
concrete and advanced composite elements was bonding with the epoxy adhesive. The
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epoxy adhesive was manually applied in the series of control beams used to determine 
the strength and rigidity of the advanced composite/concrete beam.
The creep properties of the advanced composite/concrete beam were shown to be 
superior to those of a RC beam of similar load capacity. In particular, the increase in 
deflection and strain due to creep under 50% of the ultimate load was less than that of a 
RC beam under the same concrete stress level. This improvement in creep properties 
was primarily due to the utilisation, of UD CFRP composite in the tensile flange of the 
duplex beam; UD CFRP composite does not exhibit any significant creep when under 
load. In addition, the post-creep beam properties (flexural strength and rigidity) were 
essentially unaffected by the creep period of six months at 50% of the ultimate strength 
of the beam. The creep that did occur, which amounted to a 32% increase in deflection 
over the initial elastic deflection after six months, was shown to be primarily due to the 
reduction in stiffness of the concrete, but the creep deformation was contributed to by 
the +/-45° GFRP composite. The concrete exhibited an increase in the initial elastic 
longitudinal surface strain ranging from 74% to 100% over six months.
The fatigue properties of the advanced composite/concrete beam were also shown to be 
an improvement on those of a RC beam under the same stress conditions in the 
compressive concrete. This was due to the change in failure mode induced by the 
removal of the tensile concrete and steel from the structural system. The failure mode 
for a RC beam under fatigue is likely to be yield of the tensile steel followed by crushing 
failure of the compressive section of concrete under excessive deflection. However, for 
the duplex beam developed in this study no complete failure occurred after 10 million 
load cycles between 2% and 40% of the failure load. Transverse cracking of the 
compressive concrete section adjacent to the loading points occurred after 3 million 
cycles which was most likely to be due to the strain incompatibility in the unloading 
cycle. In particular, the tensile hybrid flange contributed significantly to the high fatigue 
resistance of the beam due to the presence of the UD CFRP composite. Due partly to the 
transverse cracks in the concrete the initial post-fatigue rigidity was reduced by 25% and 
the flexural strength was reduced by 23%. However, the post-fatigue rigidity was 
essentially fully recovered at failure due to closure of the transverse cracks as a result of 
the increasing compressive strain.
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The environmental beam tests, which consisted of two beams subjected to freeze/thaw 
cycling and two beams subjected to humidity/moisture tests, gave an indication of the 
long-term durability of the advanced composite/concrete beam. After 200 freeze/thaw 
cycles from -27 °C to +50 °C the two subsequent three-point flexural beam tests showed 
only a small reduction in the beam strength and an increase in the rigidity of 12%. 
Although extended exposure tests would have provided more conclusive evidence of the 
durability of the advanced composite/concrete beam, the two tests undertaken in this 
study showed that the beam has a high resistance to degradation from freeze/thaw 
cycling. The humidity/moisture test beams were placed in an environment with a 
temperature of 36 °C and a R.H. of 98% for 200 days. The three-point flexural tests, 
which were undertaken on completion of the exposure periods, showed that the strength 
and rigidity of the beams increased by 10% and 26% respectively over the values 
predicted from theory. This increase in both strength and rigidity was likely to be due to 
the enhanced curing environment for the concrete in the duplex beam. From a visual 
examination no adverse effect on the advanced composite material was detected and, 
therefore, the beams were shown to have a high resistance to humid moist conditions 
which may occur in actual use.
9.3. Practical and Cost Aspects
The curing and fabrication technique of vacuum bag moulding was proven to be a simple 
and efficient method for the manufacture of the advanced composite unit. In particular, 
the modification in the curing process from two stages to one stage allowed a reduction 
in the manufacturing period but still ensured adequate advanced composite material 
properties.
On a larger scale the method of achieving an adequate buckling capacity of the beam 
should be modified from the sandwich system used for the 1.5m span beams fabricated 
for this study. Of the other web configurations that were investigated as part of the FE 
analysis, the web stiffener or full diaphragm model would probably be more suitable for 
large scale applications.
The preliminary cost study summarised in Appendix A highlights the greater initial
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material cost of the advanced composite/concrete beam (and of advanced composite 
construction in general) over that for conventional material. Therefore, for the advanced 
composite material to be competitive with conventional materials, its relatively high 
initial cost of manufacture must be offset by reduced construction costs (e.g. a reduction 
in foundation loads and reduced construction times) and whole life costs.
The creep and fatigue properties and durability (freeze/thaw cycling and warm, humid 
conditions) of the advanced composite/concrete beam obtained from the flexural tests 
were superior when compared to data from the literature for RC beams. Therefore, the 
indications from the preliminary cost study and long-term experimental testing are that 
the advanced composite/concrete beam developed in this study is competitive in terms 
of cost, but only if the long-term economics, such as a decrease in the frequency of repair 
and a reduction in the need for maintenance, are considered.
9.4. Original Contributions to Knowledge
Based on the findings of the study presented in this thesis, the author considers the 
following to be his original contributions:
• The conception and design of an integral structural unit, comprised of advanced *7 
polymer composite and concrete, with a load capacity similar to that of RC beams. J
• The manufacture and testing of an advanced composite/concrete unit to determine 
the experimental properties of the structural unit and to validate the theoretical and 
numerical FE analyses.
• The extension of the database on the effects of long-term exposure to solutions that 
can be found in the structural environment (i.e. diesel and road-salt) on the material 
properties of GFRP (specifically GFOIOO, 390 gsm E glass 2 x 2  twill/LTM26 with 
a fibre volume fraction of 50%) and CFRP composites (specifically HTA 12k, 150 
gsm/LTM26 - 68 gsm - with a fibre volume fraction of 60%).
• The study into suitable methods for bonding advanced composites to concrete and to 
ensure full composite action between these components. The determination of the 
effect of the bonding method on the structural behaviour of an advanced composite/ 
concrete unit.
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• The study into the long-term performance of an advanced composite/concrete unit 
under creep loading, fatigue loading and environmental exposure to freeze/thaw 
cycling and warm, humid conditions.
• The development of a method, using a finite element analysis, to enable the accurate 
prediction of the short-term behaviour of an advanced composite/concrete structural 
unit at the serviceability and ultimate limit states.
• The development of a numerical method using finite element analysis to predict the 
long-term behaviour of an advanced composite/concrete structural unit under creep 
loading.
• The preliminary cost study of the advanced composite/concrete structural unit to 
determine the initial material costs and to highlight the need for reduced 
maintenance, construction and long-term costs for a competitive whole life cost.
To summarise, the study presented in this thesis has determined the short and long-term 
characteristics of an advanced composite/concrete beam through theoretical, 
experimental and numerical investigations. In particular, the long-term performance of 
the advanced composite/concrete beam under load, in comparison with RC construction, 
has been highlighted by the utilisation of long-term tests in creep, fatigue and 
environmental exposure. The numerical analysis used in this study has provided a 
simple but accurate technique for predicting the structural behaviour of the advanced 
composite/concrete beam by utilising small-scale test results. The main advantages of 
this type of structural unit for new construction, including lightweight, durability, ease 
of site placement and long-term performance, have been reviewed based on recent 
construction projects. Further experience from monitoring and appraisal of structures in 
the field will allow a greater confidence in this type of structure and knowledge of the 
long-term properties to be developed for this recent addition to construction materials 
and techniques.
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9.5. Recommendations For Future Work
The experimental and numerical analysis of the advanced composite/concrete beam
developed in this study has underlined the need for further research of the following
topics:
• Further testing on the effect of long-term exposure of advanced composite materials 
to environments found typically in construction, e.g. road-salts, UV weathering and 
temperature effects. In addition, the correlation of small-scale exposure test results 
to large-scale advanced composite components and structures.
• A parameter study on the effect of the coupon aspect ratio (width to free length 
ratio) and free length on the creep properties of angle-ply composites.
• Further testing on the effect of the void ratio on the advanced composite material 
properties so as to determine a maximum allowable limit for the construction 
industry.
• Further determination of the long-term durability of the advanced composite/ 
concrete bond under load and the applicability of other bond methods.
• Development of a design methodology for the use of advanced composites with 
conventional construction materials. This includes the determination of appropriate 
safety factors for the advanced composite materials, which will require a complete 
and detailed data set of the relevant advanced composite properties.
• Methods for increasing the ductility of advanced composite/concrete construction. 
An alternative is to accept brittle failure and to place higher safety factors on the 
strength criterion than are used for conventional construction. High factors of safety 
on strength will typically already be present if deflection is the critical design factor.
• Development of advanced composite materials for particular use in construction, 
e.g. thick laminates, sourcing of less expensive fibres and resin matrices for 
construction applications.
• Development of general numerical and analytical models to accurately predict the 
static, creep and fatigue properties of advanced composite construction.
• Further long-term testing of advanced composite/concrete units under freeze/thaw 
cycling, warm, humid conditions and other environments that are representative of 
those experienced in construction to obtain a reliable estimate of durability in the
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field .
• Monitoring of structures where advanced composite materials have been used to 
reliably determine the effect of the environment on the advanced composite material 
properties. The effect of the environment on the degree of composite action present 
between the advanced composite and other materials should also be determined.
• Cost studies of full-scale structures where advanced composites have been used in 
conjunction with conventional materials to determine the long-term costs (due to 
repair and maintenance) in comparison with conventional structures. Such a study 
would also increase the confidence in the long-term savings obtained from the use of 
advanced composite materials which have been indicated by other studies.
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Appendix A. Theoretical Calculations
A.l. Design Equations
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Figure A.l Dimension and Section Notation of Advanced Composite/
Concrete Beam
Using the top of the beam as the datum and the concrete modulus of elasticity for the 
transformed sections and Figure A.l, the level of the neutral axis was calculated as,
y = ( I A y ) / ( I A )  E q.A .l
, where
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Eq. A.8
, and
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, where
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The flexural rigidity, EEI, was then calculated from the material properties, dimensions 
and level of the neutral axis, y.
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A.2. Cost Study
Table A.1 shows the complete cost study results for the GFRP/CFRP and all CFRP 
advanced composite/concrete beams. Costs of £50/m3, £7.90/m2 per layer and £9.40/m2 
per layer were used for the concrete, +/-450 GFRP and UD CFRP composite materials 
respectively. The GFRP/CFRP composite hybrid beam used five layers of UD GFRP 
composite and two layers of +/-45° GFRP composite to make up the webs and GFRP 
flanges. A varying thickness of UD CFRP composite was used to obtain the required 
stiffness based on the span/deflection and span/depth ratios.
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Table A.1: Cost Study For GFRP/CFRP and CFRP Beams
Span/
deflection
ratio
Span/
depth
ratio
Depth/
breadth
ratio
Cost of 
CFRP/ 
GFRP beam 
(£)
Span/
depth
ratio
Depth/
breadth
ratio
Cost of all 
CFRP 
beam (£)
150 8 4.2 4855 - - -
10 2.5 4985 - - -
12 1.6 5626 12 2.6 8907
14 1.2 6621 14 1.2 9419
16 0.7 7956 16 0.7 10166
18 0.7 9552 18 0.7 11780
20 0.2 11175 - - -
200 8 3.8 5263 - - -
10 2.5 5732 - - -
12 1.1 6756 12 1.6 9967
14 0.7 7995 14 1.2 11026
16 0.7 9936 16 0.7 12435
18 0.2 11855 18 0.8 14854
20 0.2 14301 - -
250 8 2.5 5796 . - - -
10 1.1 6603 10 2.6 10517
12 1.2 7846 12 1.1 11105
14 0.7 9741 14 0.7 12506
16 0.7 12271 16 0.7 14793
18 0.2 14648 18 0.8 18493
20 0.2 17857 - - -
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